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PREFACE 


The  Specialists’  Meeting  on  “Advanced  Fabrication  Processes”  in  Florence  in  Fall  1978  was  planned  by  a sub- 
committee of  the  Structures  and  Materials  Panel  under  the  same  title.  Planning  started  immediately  after  the  most 
successful  Specialists’  Meeting  on  “Advanced  Fabrication  Techniques  in  Powder  Metallurgy  and  their  Economic 
implications”  in  Ottawa  in  Spring  1976.  The  purpose  of  the  Ottawa  meeting  was  to  focus  not  only  on  the  technological 
b lit  also  on  the  economic  achievements  of  powder  metallurgy  techniques. 

The  Structures  and  Materials  Panel’s  interests  in  advanced  fabrication  processes  stem  from  the  increasing  acquisition 
and  maintenance  costs  of  current  aerospace  systems.  This  has  led  to  greatly  increased  emphasis,  within  many  of  the 
NATO  nations,  on  means  of  reducing  processing  costs  and  improving  the  quality  of  manufacturers’  components  through 
improved  material/process  selection  and  control.  There  are  emerging  efforts  in  many  of  the  NATO  nations  to  bring 
together  the  design,  materials  and  mechanics  fundamentals  underlying  materials  deformation,  metal  removal,  joining, 
coating  and  other  related  processes.  Similarly,  new  processes  are  emerging  both  within  the  aerospace  processing 
community  and  within  the  more  general  commercial  area,  that  offer  significant  opportunities  for  lower  cost,  higher 
quality  aerospace  components. 

Therefore  the  purpose  of  the  Specialists’  Meeting  was  threefold.  Most  importantly  it  was  to  elucidate  on  some 
specific  high  payoff  new  processing  concepts  selected  from  a cross-section  of  NATO  nations.  This  broad  base  of  coverage 
was  invaluable  in  and  of  itself  but  also  was  intended  to  aid  in  a second  purpose  which  was  hopefully  to  steer  the 
Structures  and  Materials  Panel  toward  selection  of  specific  new  area(s)  where  data  and  information  interchange  in  much 
greater  depth  would  be  beneficial,  such  as  was  achieved  in  the  powder  metallurgy  area.  The  third  purpose  was  to  promote 
a coupling  of  the  fundamental  research  activities  to  more  applied  efforts.  There  is  increasing  emphasis  and  also  much 
progress  being  made  across  NATO  nations  in  research  on  the  fundamental  aspects  of  processing.  |- 

The  meeting  was  attended  by  about  one  hundred  participants  from  nearly  all  NATO  countries,  and  was  highlighted 
by  the  Panel  Session.  At  this  Session,  based  on  the  work  presented  as  well  as  other  work  not  presented,  a significant 
spectrum  of  extremely  interesting,  high  payoff,  new  processing  areas  was  discussed.  Advantages  for  each  new  area  were 
elucidated.  These  areas  as  well  as  possible  new  ones  will  be  the  subject  of  Structures  and  Materials  Panel  review  in  Spring 
1979  to  determine  the  future  course  of  action. 

On  behalf  of  the  Structures  and  Materials  Panel  1 would  like  to  express  my  thanks  to  all  authors,  recorders.  Session 
Chairmen  and  particularly  to  the  Panel  Session  Leader,  Mr  Henry  A. Johnson  for  their  outstanding  contributions  and 
cooperation  which  were  instrumental  in  making  the  meeting  such  a success. 


GEORGE  P.PETERSON 
Chairman,  Sub-Committee  on 
Advanced  Fabrication  Processes 
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BASIC  TRENDS  IN  ADVANCED  FABRICATION  PROCESSES 
by 

H.H.Walther 
FIAT-Centro  Ricerche 
Strada  Torino  SO 
10043  Orbassano 
Italy 

I accepted  with  pleasure  the  opportunity  to  present  the  keynote  adress  to  this  specialists 
meeting  of  the  AGARD  Structures  and  Materials  Panel.  In  doing  so,  I think  it  is  essentially  my 
task  to  give  some  couments  on  the  actual  and  future  trends  of  development  so  far  as  the  title 
of  the  meeting,  "Advanced  Fabrication  Processes"  is  concerned.  These  comnents  must  of  course  be 
understood  as  the  expression  of  a personal  opinion  on  the  subjects  selected  by  the  conference 
coimii  tree . 

Could  I therefore  begin  to  recall  in  our  minds  the  objectives  of  the  meeting  with  the  help  of 
Tab.  I.  First  listed  there  is  the  basic  problem  which  all  of  us  have  to  deal  with;  this  is 
to  look  for  lower  cost,  higher  quality  aerospace  components.  The  AGARS  "Structures  and  Materials 
Panel"  is  considered  as  an  ideal  forum  to  bring  together  material  specialists,  component  designers 
and  process  engineers  from  the  various  NATO  nations  so  that  they  could  find  occasions  to  identi- 
fy new  process  opportunities  when  they  discuss  the  emerging  technological  fundamentals  in  metals 
deformation,  removal,  joining,  alloying  and  structural  transformation.  Such  fundamentals  have  to  be 
discussed  of  course  in  relation  to  the  obtained  material  properties,  the  component  performance  and 
the  possibilities  of  control  during  the  process  and  during  service.  The  panel  will  discuss  both,  the 
research  needs  and  the  production  aspects  of  these  items  as  far  as  the  actually  more  important  pro- 
cesses are  concerned,  such  as  machining,  surface  treatments  and  net  shape  processing;  these  proces- 
ses infact  coincide  practically  with  the  thematics  of  the  various  sessions.  As  a result  of  the 
meeting,  one  may  find  highlights  that  could  help  to  define  current  potentials  and  fruitful 
approaches  for  process  improvements  and  to  provide  practical  actions  for  achieving  them  in  the 
various  NATO  nations. 

Next  I should  shortly  mention  thoae  of  the  technological  fundamentals  which  have  already 
emerged  in  former  AGARO  specialists  - or  working  group  meetings.  This  is  done  with  Tab.  II,  where  I 
have  tried  to  summarise  the  views  given  in  the  preparatory  working  group  meetings  by  G.P. 
Peterson,  W.  Bunk,  G.  Bollani,  J.R.  Lee,  E.  Huellec,  the  national  representatives  respectively 
of  the  U.S.A,  the  Fed.  Rep.  of  Germany,  Italy,  the  U.K.  dttd  France. 

Powder  metallurgy  has  emerged  probably  as  the  most  important  highlight  as  discussed  in  the 
Ottawa  meeting  of  1976. 

In  a first  part  of  that  meeting  the  various  processes  of  centrifugal  atomization  for  producing 
titanium  powders  were  examined  as  well  as  argon  and  vacuum  atomization  processes  for  nickel  base 
superalloy  particles.  All  stages  of  the  consolidation  proceps  (powder  handling,  canning  techniques, 
consolidation,  residual  working,  thermal  treatments)  were  discussed  in  the  second  part.  The 
specialists  felt,  that  a cost  saving  potential  of  '<<  50Z  exists,  using  P.M.  net  shape  processing 

instead  of  conventional  manufacturing,  and  hot  isostatic  pressing  appeared  to  be  most  promising. 
Areas,  recomiended  for  further  R & D work  are  manyfold: 

- The  deformation  process  requires,  besides  iisproved  canning  techniques,  the  development  of 
mathesiatical  models  which  describe  the  best  way  of  net  shape  achievement,  the  forming  limits  and 
models  which  would  allow  for  Computer  Aided  Design  (CAD) . 

- Joining  will  certainly  concern  the  problem  of  powder  metallurgically  processed  metal  matrix 
cosqKisites  besides  the  weldability  problems  of  P.M.  materials  itselt. 

- New  and  quality  improved  alloys  will  be  developed,  since  P.M.  alloys  would  not  be  limited  by 
constraints  of  being  "castable"  or  "workable".  Coaq>osition  and  microstructure  of  these  alloys  will 
be  designed  according  to  the  specific  mission  of  the  costponent,  using,  instead  of  the  conventional 
approach  by  means  of  a "safety  factor"  (%(hich  is  often  an  ignorance  factor),  the  components 
reliability  and  its  survival  probability  in  function  of  stress  and  time. 

- As  heat  treatment  procedures  for  P.M.  alloys,  one  can  certainly  not  use  a priori  the  ones  for 
conventional  alloys.  On  the  one  hand  it  is  no  more  necessary,  because  of  the  isotropic  and 
homogeneous  fine  grain  structures  of  P.M.  alloys,  to  dissolve  the  macrosegregations;  on  the 
other  hand  the  metallurgist  siay  find  himself  faced  with  problems  of  diffused  microporosities  and 
microinclusions  along  Che  original  grain  boundaries.  Furthermore  the  intermetallic  phases, 
distributed  in  an  extremely  fine  way,  do  certainly  exhibit  a different  kinetic  evolution  process. 


- Concerning  performance  in  service,  there  is  need  of  correlating  materials  properties  with  com- 
paction parameters  and  microstructure,  of  evaluating  Che  importance  of  residual  stresses  and  of 
^ developing  methods  for  lifetime  prediction  in  function  of  the  mission  analysis. 
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- Problems  of  process  control  regard  Che  contaaiination  of  powders,  the  presence  of  defects  like 
micropores  and  inclusions  and  should  possibly  be  feasible  "on  line"  and  by  non  destructive  in- 
spection, whilst  control  of  material  performance  should  face  the  problem  of  the  evolution  of 
the  microstructure  and  of  Che  defects. 

- Development  of  P.M.  should  not  lead  however  to  a situation  where  the  assessment  of  ocher 
technologies,  competing  in  net  shape  processing  is  being  neglected.  Coiiq>etitive  technologies 
include  hot  die  forging,  superplastic  formation,  extrusion  etc;  they  do  present  to  a certain 
extent  analogous  R & D problems  as  P.M.  techniques. 

Machining  processes,  despite  the  increasing  efforts  to  achieve  metal  removal  savings  through  net 

s^pe  processing,  machining  still  represent  a high  fraction  of  laanufacturing  costs. 

- Research  in  the  field  of  materials  removal  should  be  concentrated  very  much  on  the  development  of 
mathematical  models  which  relate  the  cutting  speed  with  tool  wear  and  surface  finish. 

- The  performance  of  machined  surfaces  should  Chen  be  described  by  studying  the  surface  finish  with 
the  surface  properties  in  relation  to  wear,  friction,  residual  stresses  etc. 

- The  design  of  surface  finish,  according  Co  specific  requirements  in  service,  its  integration  with 
process  optimization  and  automatic  control  of  the  process,  is  then  the  logical  further  step. 


Laser  metal  working  is  a process  which  has  very  recently  entered  into  the  picture,  since  continuous 
wave  high  power  CO^  - lasers  became  commercially  available. 

Because  of  its  application  in  cutting  and  drilling,  the  laser  technique  could  be  placed  in  Tab. 
II  rather  close  Co  machining.  A more  logical  place  is  however  asiongsC  the  surface  treatments  and 
processes  because  the  interaction  depth  between  photons  and  matter  is  limited  to  about  10  pm,  the 
used  wavelength.  The  state  of  the  art  in  laser  processing  may  be  susmiarised  as  follows.  Fully 
reliable  laser  sources  are  available  up  Co  a power  level  of  a few  kilowatts  and  more  than  hundred 
of  them  are  already  used  in  production.  At  the  highest  power  levels  now  availablefsay  15  kw)  indu- 
strial reliability  of  the  source  is  expected  to  be  reached  in  a /ery  few  years,  just  the  time 
necessary  for  developing  the  technological  fundamentals  for  many  econoisically  interesting  high  quaH 
ty  processes.  High  power  laser  manufacturers  have  already  performed  extremely  useful  process 
development  work,  in  order  to  demonstrate  laser  potentialities,  but  much  aiore  wrk  is  still  Co  be 
done  by  Che  utilizers  in  tailoring  the  so  developed  potential  towards  practical  applications. 

- Concerning  deformation,  it  can  be  mentioned  Chat  all  the  various  laser  processes  are  generating 
very  little  thermal  distortions.  This  is  due  to  %he  fact  that  the  laser  energy  can  be  used  very 
economically  just  in  such  surface  zones  of  a consonant  where  processing  is  really  necessary: 
useless  heating  of  other  zones  and  of  the  volume  of  Che  component  can  in  general  be  avoided 
because  of  the  high  power  densities  available  (say  10^  W/cm^)  and  the  consequently  short  times 
of  processing. 

- Materials  removal  as  high  speed  cutting  and  drilling  in  conjunction  with  numerical  control  is 
promising,  especially  because  of  the  fact  that  mechanical  clamping  systems  become  useless  and 
the  inertia  free  laser  beam  can  be  sioved  instead  of  the  sample  or  the  whole  tool  machine. 

- The  joining  processes  such  as  welding  or  coating  are  characterized  by  very  thin  heat  affected 
zones. 

Laser  welding  is  comparable  in  speed  and  quality  with  electron  beam  raiding  but  with  the  advantage 
to  be  executed  in  open  air.  In  coating,  the  laser  achieves  a bonding  between  the  protective 
surface  and  the  substrate  which  is  coaq>arable  with  that  obtained  in  raiding. 

- Surface  alloying  with  the  laser  offers  an  enonsously  wide  range  of  new  possibilities,  such  as: 
using  strategical  elesKnts  (e.g.  Cr)  just  at  the  surface  where  they  are  useful,  developing  new 
compositions  not  so  strictly  limited  by  thermodynamic  stability  considerations,  controlling 
grain  size  and  grain  orientation  and  obtaining,  always  just  at  the  surface,  glass  like  structures 
of  asiorphous  metals,  the  discussion  of  which  could  alone  be  subject  of  a complete  symposium. 

- Heat  treatisent  of  the  surface,  which  in  the  case  of  the  laser  is  essentially  transformation  harde- 
ning, shall  be  useable  for  precompression  or  hardening  of  dynamically  stressed  alloyed  steel  comp£ 
nects  such  as  shafts,  levers,  bearings  etc. 

- The  evaluation  of  the  performance  of  laser  treated  isaterials  and  components  will  logically 
require  consideration  of  the  behaviour  of  nniltilayer  systeais  in  relation  to  all  the  involved 
properties  and  the  resulting  sutual  cosipatibility  of  those  layers. 


- The  control  of  laser  working  processes,  which  present  the  tendency  of  being  executed  as  "on  line 
processes",  will  consequently  be  on  line  as  well  and  furthermore  autoisatic.  Teioperature  measuring 
devices  shall  control  the  laser  power  during  the  process,  case  thicknesses  of  the  product  are 
thought  to  be  measurable  by  magnetic,  electric  and  acoustic  devices  whilst  for  defects  in  the 
structure  (e.g.  microcracks  in  raiding)  the  acoustic  emission  might  be  employed. 


Looking  back  to  Tab.  II,  I found  myself  attempting  to  define  the  highlight  of  the  listed 
highlights.  As  mathesutical  modelling  is  the  subject  listed  most  frequently,  I should  like  to 
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■Lake  a comnent  on  this.  In  a somewhat  schematic  way  I would  say,  as  shorn  in  Tab.  Ill,  that  we  had  a 
boom  of  computer  installations  in  the  1960's,  a period  in  which  progranming  was  however  still 
restricted  to  a special  group  of  mathematicians.  In  the  1970's  then,  programing  became  a store 
or  less  cossnon  tool  of  the  research  worker,  and  we  had  a programing  boom.  The  widespread 
availability  of  computer  and  programs  together  makes  further  more  sophisticated  modeling  of  the 
processing  and  the  performance  of  materials  and  cosqtonents  more  attractive  and  more  feasible.  We 
should  therefore  expect  fox  the  1980' s a boom  driven  by  the  steadily  increasing  needs  for 
compensating  the  cost  increase  of  man  power,  energy  and  raw  siaterials. 

After  this  general  remarks,  I should  like  to  cosment  further  on  two  items,  hot  isostatic 
pressing  (HIF)  and  laser  metal  working,  xdiich  constitute  t%io  specific  contributions  from  Italy. 

Hot  isostatic  pressing  is  infact  applied  in  the  FIAT-Research  Center  for  producing  a near  net 
shape  turbine  disk  of  ASTROLOY  with  a diameter  of  30  cm,  aiming  for  a cost  reduction  of  40Z  as 
compared  to  conventional  processing.  Fig.  1 shows  the  shape  prior  to  the  consolidation  step  by  HIF. 
This  initial  shape  has  been  defined  after  an  intensive  study  of  the  deformatioi  process  with  a series 
of  models  simulating  critical  parts  of  the  disk. 

This  technology  shows  a very  high  potential  for  cost  savings,  provided  however  that  high 
temperature  properties,  namely  low  cycle  fatigue  ana  'reep  and  processing  properties,  mainly 
weldability,  of  HIF  produced  nuterials  confirm  the  promises  so  far  indicated. 

In  addition,  future  efforts  in  the  field  of  fabrication  processes  shall  concern: 

- The  development  of  cheaper  canning  systems,  considering  also  vitreous  or  ceramic  materials. 

- New  inspection  criteria  for  testing  complex  preforms. 

- The  performance  of  HIF  superalloys  in  true  scale  tests. 

- Optimization  of  specific  heat  treatments. 

On  this  latter  item  a paper  will  be  presented  in  session  four  of  this  conference. 

Laser  processing  can  be  proposed  in  a large  range  of  power  densities  and  interaction  times,  as 
displayed  in  Fig.  2.  The  processes  now  being  utilized  include: 

- deep  penetration  welding 

- laser  cutting 

- drilling  of  holes 

- transformation  hardening 

- surface  alloying  and  coating. 

It  is  a general  opinion  that  the  feasibility  of  these  five  operations  has  thoroughly  been  de- 
monstrated sc  that  an  increasing  industrial  use  appears  assured.  Two  further  techniqv.  a have  been 
proposed  more  recently: 

- laser  shockhardening,  where  the  blast  wave,  that  accoispanies  rapid  surface  evaporation  induced 
by  an  intense  laser  pulse,  is  used  to  cause  a work  hardening  effect; 

- melt  quenching  where  extremely  fast  quenchiitg  of  a molten  layer  allows  one  to  obtain  not  only  fine 
grain  but  even  amorphous  solid  state  structures. 

From  the  display  of  Fig.  2,  I want  to  discuss  three  typical  examples: 

The  first  one  is  welding.  In  this  case  the  laser  could  substitute  in  principle  electron  beam  welding 
with  the  advantage  that  vacuum  would  no  longer  be  required.  This  might  coiiq>ensate  the  actual  disad- 
vantage that  laser  equipments  cost  still  'v  20  to  30Z  isore  than  comparable  electron  beam  devices.  It 
seems  to  us,  that  roughly  SO  to  100  electron  beam  devices,  having  a power  range  between  5 to  10  KH, 
are  being  actually  sold  per  year  to  the  aeronautical  industry;  this  compares  with  an  actual  selling 
rate  of  'v  5 equivalent  lasers.  Such  a situation,  where  advantages  and  disadvantages  of  two  equivalent 
techniques  are  almost  balanced,  leads  us  to  the  assumption  that  in  about  10  years  the  laser  will  do 
the  same  amount  of  aerospace  welding  as  the  electron  beam  will  do  at  that  time. 

Fig.  3 indicates  very  concisely  Che  field  where  laser  (and  electron  beam)  welding  can  develop  its 
full  economic  potential.  Shown  is  an  experimentally  confinsed  calculated  correlation  between  welding 
speed  V and  power  F,  indicating  that  as  much  as  50Z  of  the  dissipated  heat  can  be  used  to  melt  the  ma- 
terial if  the  speed  is  sufficiently  high.  One  expects  then  a minimum  of  heat  affected  zones  and  di- 
stortions. Speed  times  welding  width  b is  normalized  to  thermal  diffusivity  k (low  values  help  for 
opcimizatioo) , and  laser  power  to  melting  temperature  T^,  heat  conductivity  a and  penetration  depth  t 
(again  low  values  help  for  optimization) . As  an  example,  the  lowest  reported  experimental  point 
refers  to  t • S • 8 mm,  V • 0,5  m/min  and  F ■ 8,5  KW.  It  is  evident  from  this  picture  that  one  should 
preferentially  use  the  laser  at  several  kilowatts  (say  5 KW)  for  fast  welding  (say  3 m/min)  and 
for  materials  up  to  medium  thicknesses  (say  5 mn) . 


The  second  exasq>le  is  transformation  hardening  with  the  laser,  as  compared  with  the  conventional 
induction  method.  A typical  result  is  sho%m  in  Fig.  4 with  the  obtained  martensitic  structure  on  a 
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ferritic  base  material  and  the  intermediate  transition  zone,  together  with  the  achieved  hardness 
profile.  In  this  field,  one  should  not  expect  (as  in  the  case  of  electron  beam  welding)  a tendency 
to  replace  the  conventional  technique;  the  induction  method  is  infect  sufficiently  cheaper  to  pr£ 
vent  this.  One  could  however  expect  the  laser  to  extend  transformation  hardening  also  in  zones  not 
accessible  by  induction  coils.  Such  zones  could  be  especially  the  ones  where  fatigue  cracks  are 
generated;  oiartensite  formation  would  create  there  a state  of  local  precompression  and  prevent  or 
delay  crack^eneration. 

As  a third  example,  I should  like  to  mention  a problem  not  resolved  so  far  by  any  conventional 
process.  Fig.  5 shows  a wear  resistant  coating  of  Mo,  Ni  and  Cr  - carbide  on  a lamellar  cast  iron 
substrate.  It  is  seen,  from  the  concentration  and  hardness  profiles,  that  the  coating  is  sufficiently 
thick  and  perfectly  bondes  to  the  substrate.  For  comparison,  plasma  sprayed  layers  have  notoriously 
bad  bondings,  but  a porosity  which  might  be  useful  for  retaining  a certain  quantity  of  lubricant. 
Without  sacrifying  the  bonding,  one  can  provide  by  means  of  the  laser  for  a useful  porosity  as 
well.  This  is  shows  in  Fig.  6 by  almost  spherical  pores,  distributed  uniforme ly  in  the  zone  ranging 
from  the  surface  to  the  interface  with  the  base  material.  These  pores  have  been  produced  by  Si  - 
particles  evaporating  during  the  laser  coating  process. 

It  would  now  be  logical  to  bring  a fourth  example  in  which  laser  processing  oportunities 
have  stimulated  engineers  to  redesign  components,  but  I regret  not  to  have  one.  I suppose  that 
not  many  examples  do  yet  exist  but  1 am  expecting  many  of  them  in  the  near  future. 
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TABLE  I 


TO  PRODUCE 

• LOWER  COST 

• HIGHER  OUALITY 

AEROSPACE  COMPONENTS 


TO  BRING  TOGETHER 

• MATERIALS  SPECIALISTS 

• COMPONENT  DESIGNERS 

• PROCESS  ENGINEERS 


IN  ORDER 

TO  IDENTIFY  PROCESS  OPPORTUNITIES  IN 

• MACHINING 

• SURFACE  TREATMENTS 

• NET  SHAPE  PROCESSING 


TO  DEFINE 

• CURRENT  POTENTIALS 

• FRUITFUL  APPRO^HES 

FOR  ACHIEVINo  IMPROVEMENTS 

m 

TO  PROMOTE  PRACTICAL  APPLICATIONS  OF  ! 

PROCESS  IMPROVEMENTS  TO  I 

• AEROSPACE  HARDWARE  . 

WITHIN  ALL  THE  NATO  NATIONS  I 
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TABLE  III 


COMPUTER  BOOM 


PROGRAMMING  BOOM 


MODELLING  BOOM 


PRIOR  TO  CONSOLIDATION  SHAPE  OF  A 30  cm  DIAMETER  ASTROLOY 
TURBINE  DISK 


THERMAL  DIFFUSIVITY  , !«  = MELTING  POINT,  ttaHEAT  CONDUCTIVITY  . 


LASER  COATING 


HARDNESS 

HV 


COATING 


INTERFACE 


DEPTH  (mm) 


AFFECTED 

ZONE 


COMPONENTS 


BASE 

MATERIAL 


DEPTH  (mm) 


HIGH  DENSITY  Cr/Ni/Mo  - COATING  ON  LAMELLAR  CAST  IRON 
OBTAINED  BY  LASER  PROCESSING 


POROUS  LASER  COATING 


POROSITY  VARIATION  AT  SEVERAL  DEPTHS 


NEAR  SURFACE 


HALF  DEPTH 


INTERFACE 


FIG.  6 - Cr/Ni/Mo  - COATING  WITH  LUBRICANT  RETAINING  PORES  ON  LAMELLAR 
CAST  IRON  OBTAINED  BY  LASER  PROCESSING 
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Applied  Research  on  the  Machinability  of  Titanium  and  its  Alloys 


o.  Prof.  Dr.-Ing.  W.  KSnlg 

Lehrstuhl  fur  Technologie  der  Fertigungsverfahren 
Laboratorium  f(ir  Werkzeugmaschinen  und  Betriebs- 
lehre  der  Rhein. -Westf.  Technischen  Hochschule  Aachen 
SommerfeldstraBe  - D-5100  Aachen  - West  Germany 


Summary 

Low  thermal  conductivity  and  high  mechanical  resistance  at  elevated  temperatures  are 
characteristic  properties  of  titanium  alloys.  They  cause  high  thermal  and  mechanical 
loads  during  machining.  Thus,  cutting  materials  with  high  toughness  and  good  thermal 
conductivity  shall  be  used.  Small  changes  in  cutting  speed  cause  extremely  high  changes 
in  tool  life.  To  obtain  maximum  material  removal  rates  the  feed  should  be  selected  as 
high  as  possible.  In  order  to  reduce  wear  cooling  is  very  important,  especially  the 
supply  of  sufficient  quantities  of  cutting  fluids.  The  analysis  of  the  endmilling  process 
results  in  recommendations  to  Increase  both,  productivity  and  accuracy. 

In  grinding  the  choice  of  wheels  is  restricted  by  the  thermal  and  chemical  properties  of 
the  titanium.  Oxidic  abrasives  shall  not  be  used  also  not  wheels  with  resinold  bond. 
Within  the  group  of  vitrified  silicon  carbide  wheels,  the  wear  finally  is  a matter  of 
hardness.  The  "super-abrasives"  diamond  and  cubic  boron  nitride  give  considerable 
Improvements  in  G-ratio.  In  general,  oil  has  proved  to  be  more  suitable  than  water  based 
coolants. 


1 . Problems  in  the  machining  of  titanium 

Problems  in  the  machining  of  titanium  alloys  result  mainly  from  the  following  physical 
properties  of  these  materials:  low  specific  heat  and  thermal  conductivity,  constant 
decrease  in  strength  with  rising  temperature,  a small  degree  of  rigidity  as  a result  of 
the  low  modulus  of  elasticity  and  relatively  low  elongation. 

In  comparison  with  steel,  the  heat  capacity  of  titanium  is  much  reduced.  The  consequence 
is  that  a considerably  greater  part  of  the  heat  that  is  generated  during  cutting  enters 
into  the  tool  because  it  cannot  be  removed  with  the  chip  or  flow  into  the  workpiece  being 
machined  (fig.  1 ) . In  the  case  of  the  machining  of  steel  the  tool  must  absorb  a maximum 
of  half  the  generated  heat,  with  the  machining  of  titanium  it  is  about  80  per  cent.  It  is 
true  that  the  thermal  properties  of  various  cutting  materials  also  influence  the 
distribution  of  the  stream  of  heat,  but  they  have  no  effect  on  the  fundamentally  more 
unfavourable  conditions  in  the  working  of  titanium  /I/. 


Fig.  1;  Distribution  of  thermal  load  on  turning  tools 


In  addition  to  the  high  thermal  load,  high  mechanical  stresses  occur  in  the  immediate 
neighbourhood  of  the  cutting  edge  (fig.  2) . If  the  normal  and  tangential  stresses  in  the 
turning  of  a normalised  steel,  a nickel-base  alloy  and  a titanium  alloy  are  compared,  the 
size  of  the  extra  load  on  the  cutting  edge  caused  by  the  titanium  is  obvious.  The  stresses 
are  three  to  four  times  as  high  as  in  the  case  of  steel,  .’i  reason  for  this  is  to  be  found 
in  the  high  resistance  to  deformation  of  titanium  which  is  decreasing  considerably  only 
with  temperatures  above  800“  to  1000“  C.  A further  reason  is  the  comparatively  small 
surface  of  contact  on  the  rake  face  of  the  tools  /2/. 


— 2 Workpiece 
mm^  / I 


I 1000 


Work  Material 
Tool  Material 
Cutting  Speed 

Tool  Geometry 


Steel  CkS3N 
Carbide  P 10 
V • 100  m/min 


Nimonic  lOS 
Carbide  KIO 
V 30  m/min 

y InJAl  X I t 

iyWSwW 


Ti  A16V4 
Carbide  K20 
V ■ 40  m/min 

yla  I A I X I c 


Nose  Radius : r * (15  mm  Chip  Cross  Section  : a x s ■ 1,5  x (125  mm^ 


Fig.  2;  Stresses  on  the  rake  face  of  turning  tools 
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Through  the  high  cutting  forces  with  at  the  same  time  high  temperatures  on  the  surface  of 
contact  plastic  deformations  occur  to  HSS  tools  and  accelerate  the  wear. 

The  reason  for  the  failure  of  carbide  tools  is,  apart  from  the  high  mechanical  and  thermal 
loads,  the  occurrence  of  cracks,  which  can  be  ascribed  to  the  mechanism  of  the  formation 
of  l^unellar  chips.  This  kind  of  chip  formation  suggests  an  alternation  between  compression 
and  sliding  processes  in  a limited  material  volume  close  to  the  area  where  the  chips  are 
originated.  Together  with  high  dynamic  cutting  forces  which  can  amount  to  30  per  cent  of 
the  value  of  the  static  forces,  the  formation  of  lamellar  chips  is  the  cause  of  additional 
temperature  oscillations  in  the  area  of  the  contact  zone.  The  formation  of  cracks  and  the 
chipping  of  the  cutting  edge  resulting  as  a consequence  of  this,  are  therefore  to  be 
finally  ascribed  to  dynamic  stresses  on  the  cutting  edge. 

Since  thermal  effects  as  the  cause  of  wear  are  of  decisive  significance,  when  machining 
titanium  materials,  special  attention  must  be  drawn  to  the  question  of  cooling. 

2.  Cutting  materials  for  the  machining  of  titanium 

The  special  characteristics  mentioned  demand  the  observance  of  additional  criteria  in  the 
choice  of  the  cutting  materials.  In  addition  to  good  thermal  conductivity  and  a high 
degree  of  heat  capacity,  high  qualities  of  dynamic  strength  are  just  as  essential  a 
condition  for  adequate  tool  life  as  the  inertia  in  reaction  of  constituents  of  the  cutting 
material  with  those  of  the  work  material. 

Because  of  the  rapid  loss  of  hardness  at  elevated  temperatures  above  600“C,  high  speed 
steels  can  be  used  only  at  low  cutting  speeds  (fig.  3) . They  are  still  used  today  in 
nearly  all  machining  operations.  The  best  cutting  efficiency  is  to  be  obtained  with  the 
grades  containing  high  amounts  of  tungsten  and  cobalt. 
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Stellites  have  proved  themselves  extremely  good  in  the  machining  of  titanium.  Because 
of  the  high  cobalt  content,  their  thermal  conductivity  is  about  double  as  high  as  that 
of  the  high  speed  steels.  For  this  reason  the  generated  heat  is  quickly  led  away  from 
the  contact  zone  and  the  temperature  gradient  in  the  tool  tip  is  comparatively  low.  The 
favourable  effect  of  these  qualities  can  be  read  from  the  higher  cutting  speed  that  can 
be  used  (fig.  3) , which  lies  some  150  per  cent  above  that  possible  with  high  speed  steel. 
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Fig.  3:  Performance  of  different  cutting  materials  in  turning 


Carbides  of  the  ISO  grade  P are  not  suitable  for  machining  titanium.  The  reason  for  this 
is  likewise  to  be  found  in  their  thermal  properties.  Because  of  stresses  due  to  tempera- 
ture, chipping  on  the  rake  face  occurs.  With  cutting  speeds  above  v = 63  m/min,  the 
cutting  edges  break  completely  down  immediately  after  cutting  has  begun.  Using  grades  with 
a high  titanium  carbide  content,  increased  wear  results  at  lower  cutting  speeds  by  reason 
of  chemical  reaction  between  the  tool  and  the  work  material. 

For  the  reason  too  that  the  binding  metal  cobalt  easily  dissolves  in  titanium,  carbides 
containing  only  little  cobalt  should  be  used.  A lower  cobalt  content,  however,  leads  to 
reduced  rigidity  of  the  cutting  edge.  The  most  favourable  compromise  between  a limited 
cobalt  content  and  a still  adequate  rigidity  of  the  cutting  edge  for  machining  titanium  is 
obviously  to  be  found  in  the  carbides  of  the  ISO  grades  K10  to  K20.  They  have  proved  their 
superiority  in  almost  all  machining  processes  /I/. 

3.  Turning 

In  turning,  carbide  tools  with  rake  angles  )'=-5®to  + 5‘’  and  back  rake  angles  A = 0®  to 
- 5“  have  proved  to  be  optimal.  The  clearance  angle  a should  amount  to  a = 8®,  the  side 
cutting  edge  angle  x should  by  choice  be  as  large  as  possible.  To  avoid  instabilities  and 
too  high  thrust  forces,  side  cutting  edge  angles  x > 45®  are,  however,  not  to  be  recommen- 
ded. 

Within  the  profitable  range  small  changes  in  cutting  speeds  may  cause  extremely  high 
changes  in  tool  life  ( f iq . 4 ) . 

Because  of  these  high  tool  life-cutting  speed-gradients,  a loss  of  tool  life  of  more  than 
90  per  cent  is  to  be  expected  when  the  cutting  speed  is  increased  by  approximately  10  per 
cent.  Only  values  taken  at  random  are  available  for  the  unalloyed  titanium  as  well  as  for 
the  titanium  alloys  T1A16  Sn  2 Zr  4 Mo  2 and  TiAl  6 Zr  5 Mo  0.5.  However,  it  can  be  seen 
from  them  that  the  more  temperature  resistant  alloys  are  more  difficult  to  machine.  The 
cause  of  this  can  be  that  the  dynamic  cutting  force  components  measured  with  these  ma- 
terials are  considerably  higher  than  with  the  Tl  Al  6 V 4 alloy.  On  the  other  hand  the 
cutting  force  values  ascertained  with  the  unalloyed  titanium  (DIN  3.70  55)  are  very  much 
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Fig.  4;  Turning  - tool  life  and  cutting  conditions 


lower  than  with  the  alloy  Ti  Al  6 V 4.  It  is  to  be  concluded  from  this  that  the  tool  life 
is  influenced  by  the  value  of  the  dynamic  cutting  forces  and  the  dynamic  stresses  caused 
on  the  cutting  edge  /2/. 

The  feed  has  considerably  less  influence  on  tool  life.  In  order  to  obtain  the  greatest 
possible  economic  use  it  should  be  selected  as  high  as  possible.  Limits  for  the  increase 
in  feed  can  be  based  in  the  geometry  of  the  workpieces  and  in  the  stability  of  the  system 
"tool-machine”.  Over  and  above  s = 0.4  to  0.5  mm/rev  (s  = 0.016  to  0.02  in  /rev)  one  must 
be  prepared  to  be  faced  with  scatter.  Feeds  of  aljout  s = 0.2  mm/rev  (s  = 0.008  in  /rev) 
have  proved  favourable. 

In  general  the  surface  quality  of  turned  workpieces  of  titanium  alloys  is  satisfactory. 

The  surface  roughness  is  within  the  range  of  the  theoretical  values  that  can  be  calculated 
from  the  nose  radius  of  the  tool  and  the  feed.  With  an  Increase  in  cutting  time  the  surface 
quality  does  not  become  essentially  worse  as  long  as  the  tool  keeps  its  cutting  efficiency. 
If  the  flank  wear  of  carbide  tools  begins  to  increase  rapidly,  the  surface  quality 
deteriorates  even  more  rapidly. 

It  has  already  been  mentioned  that  cooling  has  a decisive  Influence  on  the  tool  life.  This 
is  now  to  be  explained  in  more  detail  (fig.  5) . The  use  of  coolants  does  not  in  every  case 
lead  to  the  expected  improvements  in  tool  life.  It  can  even  lead  to  deterioration  in  tool 
life  if  cooling  is  done  with  fluids  which  are  unsuitable  for  the  combination  of  work 
material  and  cutting  material.  Suitable  coolants  normally  give  Increases  in  tool  life. 
However,  there  must  always  be  checks  to  see  whether  or  not  even  more  favourable  results 
are  possible  by  increasing  the  amount  added.  Multiplying  the  amount  of  coolant  by  four 
leads  in  the  ex2unple  given  to  a doubling  of  the  tool  life.  The  fact  that  the  removal  of 
heat  is  decisive  when  machining  titanium  materials,  is  apparent  from  the  comparison  of 
tool  life  values  for  cooling  with  emulsion  or  oil.  In  spite  of  the  repeated  doubling  of 
the  quantity  from  6.8  Itr/mln  to  11,6  Itr/min,  the  tools  cooled  with  oil  wear  out  quicker 
because  oil  can  absorb  far  less  heat  than  emulsion  /3/. 

The  interrelationships  shown  in  the  example  of  turning  titanium  are  also  valid  in 
principle  for  the  other  methods  of  machining  with  geometrically  defined  cutting  edges. 

For  this  reason,  in  the  rest  of  this  paper,  only  the  purely  technological  characteristics 
of  the  Individual  methods  are  dealt  with. 
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4.  Milling 

In  Milling,  the  high  thermal  and  mechanical  stresses  described  have  an  especially  un- 
f favourable  effect  because  of  the  interrupted  cutting.  The  choice  of  the  type  of  milling 

process  and  the  conditions  of  contact  therefore  become  of  great  importance. 

In  face  milling,  climb  milling  is  to  be  preferred  to  conventional  milling  as  far  as  the 
stability  of  the  workpiece  permits  this.  For  the  most  part,  in  conventional  milling  only 
those  workpieces  are  processed  on  which  a hard  surface  layer  has  to  be  removed.  The  tools 
' become  worn  out  because  of  flank  wear  and  chippings  of  the  cutting  edge.  The  tendency  to 

r chip  is  unfavourably  influenced  by  the  sticking  together  of  work  material  and  tool  material. 

i.  The  U-contact  has  a favourable  effect  on  tool  life.  In  this,  the  first  contact  between 

workpiece  and  tool  takes  place  at  the  point  of  the  rake  face  which  is  the  greatest  posssible 
distance  away  from  the  cutting  edge  corner  and  the  cutting  edge.  In  this  way  the  danger  of 
chipping  at  the  cutting  edge  is  considerably  lessened. 
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The  best  tool  life  is  obtained  with  tools  having  the  following  geometry;  rake  angle 

y = y^ad  ~ ' t;learance  angle  a = 12°  to  15°,  back  rake  angle  1 = 0°  to  -5°. 

The  dependence  of  the  work  travel  that  can  be  attained  on  the  cutting  speed  and  on  the  feed 
for  the  single  tooth  milling  of  various  titanium  alloys,  is  shown  in  fig.  6.  The  curves 
also  show  the  considerable  dependence  on  the  cutting  speed,  already  noticed  in  turning.  The 
alloy  TiA16  Zr5  Mo  0.5  is  much  more  difficult  to  machine  than  the  alloy  TiA16  V4.  In  con- 
trast, the  alloy  TiAl  6 Sn2  Zr4  Mo2  shows  a slightly  better  machinability . For  further  in- 
formation, fig.  6 contains  two  tool  life  curves  for  TiA16  V4  for  two  different  feed  rates. 
Worthy  of  notice  is  that  an  increase  of  the  feed  from  s = 0.15  mm/tooth  (s  = 0.006  in/tooth) 
to  s = 0.25  mm/tooth  (s  = 0.01  in/tooth)  necessitates  a reduction  in  the  cutting  speed  by 
about  half.  So,  in  a certain  length  of  time  with  a smaller  feed,  a similar  or  slightly 
larger  amount  of  material  can  be  removed.  The  advantage  of  small  feeds  lies  in  the  reduc- 
tion of  the  cutting  forces,  so  that  the  deformation  in  the  system  "machine,  milling  cutter 
and  workpiece"  can  be  kept  small. 

As  tool  materials  when  milling,  carbides  of  the  ISO  grade  K (K10  to  K20)  and  high  speed 
steels  are  also  used.  The  tendency  of  the  chips  to  stick  to  the  tool  can  be  considerably 
reduced  by  the  use  of  cutting  oils  containing  sulphur. 

The  slab  milling  of  titanium  alloys  is  usually  carried  out  with  tools  having  a helix 
angle  of  30°  to  45°.  As  well  as  a smooth  running  of  the  milling  cutter,  a high  surface 
quality  is  attained  /2/. 


Because  of  the  Increase  in  the  use  of  integral  parts  made  of  titanium  in  the  construction 
of  aircraft,  the  end  milling  process  has  in  this  field  acquired  great  importance.  To 
manufacture  parts  as  exact  as  possible  in  shape  and  dimension,  it  is  above  all  of  decisive 
importance  to  observe  certain  relations  between  axial  and  radial  cutting  depths  depending 
on  the  cutting  conditions  as  well  as  the  geometry  and  the  number  of  cutting  edges  of  the 
milling  cutter. 
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Fig,  6;  Face  Milling  - tool  life  and  cutting  conditions 

Especially  in  finishing  with  end  mill  cutters,  because  of  the  necessary  workpiece  geometry, 
often  not  very  rigid  tools  with  a small  diameter  and  a large  collar  length  are  used.  These 
bend  under  the  effect  of  the  cutting  forces  and  this  leads  to  wobbling  motions  (fig.  7) . 

As  a consequence  inaccuracies  result,  of  which  the  deviations  in  shape  are  the  most 
difficult  to  correct. 

In  the  right  part  of  the  Illustration  are  shown  the  results  of  measurements,  and  these 
measurements  taken  from  various  work  examples  illustrate  such  faults.  The  fact  that  they 
were  obtained  in  end  mill  cutting  of  an  aluminium  alloy  is  here  of  secondary  importance. 
Basically,  faults  of  this  kind  also  appear  in  the  milling  of  titanium  alloys. 

The  upper  and  middle  workpieces  were  milled  conventionally.  As  tools  a willing  cutter  with 
three  cutting  edges  with  15”  helix  angle  (above)  and  a non-helixed  milling  cutter  with  two 
cutting  edges  (in  the  middle)  were  used.  The  third  workpiece  was  produced  with  a milling 
cutter  with  three  cutting  edges,  30“  helix  angle,  in  climb  milling. 

Without  going  into  closer  details  attention  can  be  drawn  to  the  fact  that  in  the  two 
examples  above  the  smallest  deviations  do  not  occur  fully-left  on  the  workpieces  that  is 
with  the  smallest  radial  depths  of  cut.  That  means  that  with  Increase  of  the  radial  depth 
of  cut  the  faults  become  even  smaller  up  to  a certain  limit.  In  the  third  example,  on  the 
other  hand,  practically  no  shape  deviations  but  only  deviations  of  measurement  occur.  By 
corresponding  correction  of  the  adjustment  of  the  machine  these  are  more  easily  controllable 
than  the  deviation  in  shape. 

The  fact  is  new  that  in  finishing  by  means  of  a higher  depth  of  cut  a greater  accuracy  in 
shape  is  to  be  attained  but  this  can  be  explained  by  the  kinematic  characteristics  of  this 
process. 

The  knowledge  obtained  up  till  now  must  be  extended  in  future  by  the  further  development  of 

an  already  existing  model  for  the  mathematical  c:'mulation  of  the  end  milling  process.  This 

is  all  the  more  important  since  in  co^traoc  to  tui.-'lng  tools  end  milling  tools  with  various 

geometries  are  only  to  be  procured,  if  at' all,  with  considerable  expenditure  of  time  and 

money  /3/. 

Mot  only  accuracies  in  shape  and  dimension  of  the  workpiece  are  influenced  by  the  uneven 
running  of  the  milling  cutter,  but  also  very  substantially  the  tool  life.  Great  accuracy 
in  true  running  as  well  as  minimal  collar  length  are  therefore  always  to  be  striven  for. 
Further,  because  of  the  extremely  small  feeds  of  each  tooth  and  also  because  of  the 
corresponding  small  chip  thicknesses,  sharp  and  absolutely  notch-free  cutting  edges  are 
basic  requirement  to  obtain  both,  adequate  tool  life  and  surface  quality. 
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Fig.  7;  End  Milling  - factors  affecting  accuracy 

Tools  with  four  cutting  edges  are  to  be  preferred  to  those  with  two  or  three  for  reasons 
of  stability.  As  cutting  materials  carbide  (K1 0 to  K20)  and  high  speed  steel  are  suitable, 
as  with  face  milling.  The  cutting  speeds  are  comparable  with  those  of  face  milling. 

With  the  use  of  carbide  as  cutting  material  the  normal  feeds  per  tooth  are  about 
s >j,  = 0.04  to  0.12  mm/tooth  (s,p=  0.0016  to  0.0047  in/tooth),  with  high  speed  steel  about 
a third  greater.  Rake  angles  of  y = y , = 0°  as  well  as  helix  angles  1 ss» 30°  have 
proved  to  be  favourable.  A-s  with  face  milling,  the  clearance  angle  to  be  chosen  is  about 
50  per  cent  greater  than  with  steel  machining. 

In  respect  of  exactness  of  shape  conventional  milling  is  to  be  preferred,  in  respect  of 
surface  quality  climb  milling  should  be  chosen. 

Emulsions  with  a synthetic  base  are  suitable  as  coolants.  Large  quantities  should  be  added 
in  a saturating  stream  in  order  to  ensure,  apart  from  an  adequate  cooling,  also  the  removal 
of  the  chips. 

5.  Drilling 

The  wear  of  drills  is  in  principal  similar  to  that  of  turning  and  milling  tools  (fig.  8) . 

The  tool  life  cutting  speed  gradient  is  very  high,  both  with  twist  drills  made  from  HSS 
and  also  with  twist  drills  tipped  with  carbide.  Accordingly,  despite  intensive  and  ample 
cooling  by  a saturating  stream  in  the  machining  of  titanium,  the  realisable  tool  life  of 
a drill  is  very  considerably  dependent  on  the  cutting  speed.  The  results  from  the  drilling 
of  TiA16  V 4 with  forging  skin  show  that  the  forging  skin  hardened  by,  for  example,  TiN, 
TiOj,  considerably  reduces  the  drillability , so  that  with  the  same  material  removal  rate 
the  cutting  speed  must  be  reduced  by  more  than  30  per  cent.  The  HSS-drills  with  tool 
geometry  as  used  for  drilling  cast  iron  have  a point  angle  of  90°.  This  geometry  of  the 
drill  point  as  well  as  the  relatively  high  chisel  edge  angle  of  70°  produced  a favourable 
tool  life.  Experiments  with  carbide  tipped  drills  showed  that  even  with  higher  feed  the 
practicable  cutting  speed  can  be  Increased  to  more  than  100  per  cent.  The  attainment  of 
these  good  results  is  dependent  on  an  exact  observance  fo  the  cutting  edge  geometry, 
especially  of  the  notched  point  area  with  a defined  length  of  chisel  edge  and  the  large 
chisel  edge  angle  already  mentioned.  In  comparison  with  chisel  edge  angles  of  55°  for 
normal  twist  drills,  this  relatively  big  angle  brings  with  it  a shortening  of  the  chisel 
edge  when  the  web  thickness  of  the  drill  is  the  same.  An  additional  notched  point  area 
of  this  chisel  edge  reduces  the  axial  force  and  thus  reduces  to  a minimum  the  pressure  on 
the  material  in  the  area  of  the  web.  Through  this  the  tool  life  of  the  drill  and  the 
quality  of  the  holes  are  Increased.  As  a consequence  of  the  notched  point  the  drill  devia- 
tes less  when  starting  to  cut  and  the  holes  have  less  faults  in  roundness  and  are  becoming 
less  conical.  At  the  same  time  the  lower  axial  force  brings  about  a reduced  deflection  of 
the  drilling  machine  and  deformation  of  the  drill,  so  that  faults  resulting  from  this  can 
be  kept  small  /4/. 
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Fig.  8:  Drilling  - tool  life  and  cutting  conditions 

An  increase  in  the  tool  life  of  twist  drills  can  be  attained  by  cooling  them  internally 
(fig.  9) . Inside  the  drills,  close  to  the  minor  cutting  edges,  are  two  supply  channels 
through  which  the  coolant  is  transported  straight  to  the  major  cutting  edges.  By  means 
of  this  type  of  cooling,  with  the  same  tool  life  of  the  drill  the  cutting  speed  can  be 
increased  by  approximately  150  per  cent.  The  wear  on  the  minor  edge  remains  small,  so 
that  a better  surface  quality  of  the  holes  is  to  be  expected  /5/. 

6.  Grinding 

In  grinding,  wheel  wear  is  not  only  an  important  economic  factor,  but  also  in  many  cases 
a technological  problem,  when  demands  for  dimensional  accuracy  are  high.  E.g.  the  quality 
of  profiles  in  surface  or  cylindrical  plunge  grinding  is  directly  dependent  from  the 
ability  of  the  grinding  wheel  to  maintain  its  shape  during  the  operation. 

Especially  grinding  of  titanium  and  its  alloys  frequently  goes  along  with  excessive  wheel 
wear,  which  is,  generally  spoken,  due  to  three  reasons: 

Among  the  mechanical  material  properties,  high  tensile  strength  leads  to  high  grinding 
forces  and  corresponding  frictional,  tensile  and  shear  loads  on  the  abrasive  grain  and  the 
bonding  material.  As  a consequence  of  the  material  toughness  a big  portion  of  the  input 
energy  is  converted  to  heat  by  rubbing  and  ploughing  of  the  grains  Instead  of  free  cutting. 
Furthermore,  heat  which  is  once  generated  will  not  dissipate  fast  enough  for  reasons  of 
the  low  thermal  conductivity  of  titanium.  Thus,  high  temperature  will  be  encountered  in 
the  contact  zone  between  wheel  and  workpiece.  With  the  presence  of  high  temperature  and 
pressure,  finally,  a precondition  for  the  chemical  activity  of  titanium  is  given. 

Fig.  10  Illustrates  this  in  terms  of  the  G-ratio  (stock  removal/wheel  wear  volume) : In 
the  field  of  different  grinding  wheel  specifications,  the  aluminium  oxide  wheel  A 60  R 5 V 
performs  poorly  even  with  the  application  of  oil  as  coolant.  Obviously,  the  affinity  of 
titanium  to  oxygen  does  not  permit  the  use  of  oxldic  abrasives. 
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Combined  thermally  and  chemically  induced  wear  can,  however,  as  well  be  observed  with 
a resinoid  bond  green  silicon  carbide  wheel  Cg  60  K 4 B.  A comparison  to  the  szune 
specification  with  a vitrified  bond  Cg  60  K 4 V shows  much  better  performance  for  the 
latter. 

Within  the  group  of  vitrified  silicon  carbide  wheels,  the  G-ratio  finally  is  a matter  of 
hardness. 

Among  the  variety  of  coolants,  including  mineral  oil  based  emulsions  without  (A)  and  with 
E.P. -additives  of  chlorine  (B)  or  chlorine  and  sulphur  (C) , a sodium  nitrate  solution  and 
a synthetic  emulsion,  none  gives  a G-ratio  much  better  than  5.  When  emulsion  has  to  be 
applied,  sulphur  based  lubricants  may  be  recommended. 

Reasonable  values  of  wheel  wear  can,  however,  only  be  attained  with  a pure  oil  coolant. 
Remarkable  advantages  are  again  given  by  chlorine  and  even  more  sulphur  based  additives. 

It  can  be  concluded  that  these  lubricants  have  the  relatively  best  ability  to  withstand 
pressure  and  temperature  in  the  contact  zone.  Compared  to  pure  oil,  even  the  much  better 
heat  transport  of  water  based  coolants  does  not  compensate  the  heat  generation  which  is 
due  to  insufficient  lubrication  /6/. 

Improvements  of  wheel  life  may  further  be  expected  from  the  application  of  "super-abrasives" 
as  diamond  and  cubic  boron  nitride  (CBN) . Experimental  results  are  to  a great  extent 
dependent  from  the  type  of  bond  used  in  the  wheel.  An  unproper  choice  of  this  factor  may 
lead  to  the  same  G-ratlo  as  those  of  good  conventional  wheels  with  oil  cooling.  Under 
reasonable  conditions,  G-ratios  greater  than  100  can,  however,  easily  be  reached.  Detailed 
recommendations  can  hardly  be  given,  since  the  field  of  these  abrasives  themselves  as  well 
as  the  composition  of  bonds  is  still  under  a very  fast  development.  In  general,  diamond  and 
CBN  perform  equally.  Apparently,  superior  hardness  of  dicunond  cannot  make  up  for  greater 
thermal  sensitivity.  It  has  further  to  be  noted  that  the  use  of  water  based  coolants  may 
at  high  teiroeratures  load  to  a chemical  dissolution  of  the  CBN  crystals,  so  that  in  this 
case  oil  should  be  preferred. 

In  grinding  of  titanium,  especially  aircraft  parts  with  dynamic  load,  great  care  has  to  be 
taken  with  respect  to  surface  integrity.  It  has  been  suspected  in  the  past  that  some 
coolant  additives,  especially  chlorine,  might  invade  the  titanium  surface  and  cause  stress 
corrosion.  Very  careful  Investigations  have  therefore  been  carried  out  parallel  to  these 
grinding  tests.  In  no  case  significant  traces  of  coolant  additives  have  been  found  on  or 
near  below  the  machined  surface.  Thus,  the  economic  and  technological  advantages  of  this 
wear  reducing  coolant  should  be  reason  enough  to  consider  whether  such  tests  should  be 
initiated  once  more  by  Interested  industrial  companies  because  of  alterations  in  the 
binding  mechanism  of  the  present  chlorine  containing  coolants. 
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SUNMAM 

Understanding  the  mechanism  of  residual  stresses  In  grinding 
requires  besides  a precise  knowledge  of  the  thermal,  metallo- 
graphlc,  mechanical  characteristics  of  the  ground  material, 
a measure  of  Young's  modulus  of  the  grinding  wheel  as  grade 
charactorlstlc,  as  well  as  the  exponent  f relating  the 
equivalent  cut  thickness  to  the  grinding  force. 

A theoretically  and  experimentally  confirmed  model  gives 
the  temperature  as  a function  of  the  grinding  pareuneters 
(v  , V , a,  d , f)  and  the  thermal  characteristics  of  the 
material.  ® 

Experimental  observations  will  allow  to  explain  the  role  of 
thermal  expansion,  metallographlc  transformations  and  mecha- 
nical forces  with  respect  to  the  value  of  the  maximum  stresses 
cuid  the  depth  of  the  heat  affected  zone.  A series  of  hints 
for  practice  will  be  deduced. 


SWMBOLS 


Infeed  per  revolution  of  the  workpiece  in  plunge  cylindrical  grinding , depth  of 
cut  In  plunge  grinding 
wheel  width 
specific  heat 

, , ..  ^^w'^s  , + for  external  grinding, 

equivalent  diameter  „ ( _ eternal  grinding’ 


wheel  diameter 


work  diameter 


reference  specific  energy  (for  h^^  * O.lwm) 
force  sensitivity  exponent 


Z ' w 

equivalent  cut  thickness  — = — — 

s s 


thermal  conductivity 

stiffness  of  the  machlne-workpiece-tool  set-up 
contact  length 


speed  ratio  — 


feed  velocity  (plunge  velocity) 
wheel  surface  speed 
work  surface  speed 

depth  under  the  surface 
decay  coefficient  z * (- 


(— ) 

'az'  z=0 


depth  at  which  a temperature  T Is  reached 
area 


tangential  force  per  unit  wheel  width 

force  reference  coefficient  for  h equal  to  unity 


maximum  temperature  at  a depth  z 

maximum  temperature  at  the  surface  (grinding  contact) 
critical  temperature 


thermal  diffuslvity 
linear  expcuision  coefficient 


INTRODUCTION 


Trying  to  survey  present  state  of  our  knowledge  concerning  residual  stresses  in  grinding 
Is  a challenge.  For  this  reason  we  refer  to  a joint  survey  paper  written  on  "Thermally. 
Induced  surface  deunage  In  grinding"  (1)  as  keynote  paper  at  the  General  Assembly  of  the 
International  Institution  for  Production  Engineering  Research  1976  and  to  be  published 
In  CIRP  Annals  1978,  Vol.  I,  which  includes  a very  exhaustive  list  of  the  publication 
of  the  last  5 years.  For  more  details  about  the  theory  of  the  thermal  model  we  refer  to 
the  monography  presented  at  the  Royal  Academy  of  Belgium  In  1975  (2). 
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For  all  technical  data  and  experimental  procedures  we  refer  to  A.  Decneut's  (3)  and 
M. Marls'  (4)  doctoral  dissertations. 

In  the  first  part  of  this  article  we  shall  recall  some  notions  about  the  role  of 
Young's  modulus  as  grade  Indication  of  a grinding  wheel  and  about  grinding  charts  as 
they  result  from  our  previous  studies  and  appear  fund2unental  for  the  understanding  of 
grinding  stresses. 

In  a second  part  we  summarize  the  main  findings  concerning  the  thermal  model  of  grinding 
operations  and  Its  practical  applications. 

We  then  shall  consider  the  grinding  stresses  as  they  are  experimentally  observed. 

We  shall  claim  that  grinding  stresses  are  dominated  by  thermal  expansion  effects  to 
which  structural  transformations  and  mechanically  Induced  deformation  are  superimposed. 
Finally  some  hints  for  practice  will  be  emphasized. 


1 . Fund^unental  parameters 


The  main  difficulty  one  faces  in  any  research  on  manufacturing  problems  is  that 
manufacturing  engineers,  whose  main  objective  Is  to  deliver  economically  a product  In 
due  time,  generally  show  no  Interest  at  all  In  precisely  recording  and  analysing  the 
manufacturing  conditions.  Machine  tools  are  poorly  equipped  In  measuring  devices,  apart 
from  the  dimensional  ones.  Nothing  to  measure  power,  forces,  speed,  temperature,  not 
even  hardware  to  check  the  quality  of  the  tooling.  No  request  for  grinding  charts,  nor 
material  characteristics) 


No  wonder  that  residual  stresses,  cracks,  burning  marks  are  treated  with  the  tricks  of 
medeclne  men  or  witches) 


In  order  to  master  residual  stresses  following  pareuneters  must  be  carefully  recorded 
and  controlled: 


a)  All  speed  parameters,  as  shown  in  fig.  1. 

wheel  speed  v , workspeed  v , Infeed  speed  v-.  Infeed  per  rev  a.  Let  us  not  forget 
that  in  machining  operation'*the  peripherical^speed  and  not  the  number  of  revolutions 
per  min  Is  Important. 
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! Flg..le  Visual  representation  of  the  main  Fig.  2.  Measured  hardness  versus 

! notations  as  well  as  of  the  meaning  of  hgq.  manufacturer's  indication. 

b)  Grinding  wheel  parameters  and  coolant  characteristics  must  be  well-known. 

In  general  It  can  be  admitted  that  the  manufacturer  can  provide  accurate  Information 
of  all  characteristics  he  masters:  namely  the  nature  of  grain  and  bond,  the  grain 
size,  porosity,  etc.  However  previous  research  has  shown  how  unreliable  the  commercial 
grade  information  Is  (fig.  2) . For  this  reason  at  the  starting  point  of  this  research 
It  was  proven  that  Yourtg's  modulus  (5)  of  the  wheel  bulk  material,  easily  measured  by 
means  of  a sonic  method  (Grind-O-Sonic)  Is  a reliable  characteristic  of  the  wheel 
I grade,  which  Is  significant  of  Its  behavior  at  work. 

It  will  also  be  shown  that  the  composition  of  the  coolant  (oil  or  water  emulsion)  as 
well  as  the  dressing  lead  on  the  grinding  wheel  have  a major  Importance. 

c)  It  can  be  anticipated  that  the  thermal  as  well  as  the  mechanical  and  metallographlc 
properties  of  the  work  material  are  governing  the  surface  Integrity:  therefore  their 
numerical  value  should  be  provided  to  the  manufacturing  engineers.  For  the  considered 
steel  types  they  will  be  given  Table  I In  appendix. 

d)  Finally  basic  machining  data  are  provided  by  the  so  called  "grinding  charts"  (fig.  3), 
which  have  been  developed  and  now  available  for  50  steel-grlndlng  wheel  combinations (8) . 
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Fig. 3.  Grinding  Chart. 


Cooperative  research  within  CIRP  has  confirmed  Woxen's  and  Colding's  findings  (16) 
that  surface  roughness,  grinding  forces,  grinding  ratio  and  to  some  extend  the  tool- 
life  volume  can  be  expressed  as  power  functions  of  a quantity  called  the  equivalent 
cut  thickness  , , av 

h 


eq 


s s 

computed  as  the  ratio  of  metal  removal  rate  per  unit  wheel  width  Z'  and  wheel  velocity 
(6).  The  physical  meaning  of  the  equivalent  cut  thickness  is  the  thickness  of  the 
material  ribbon  flowing  at  the  surface  speed  of  the  grinding  wheel  and  the  volume  of 
which  equals  the  actual  metal  removal  (fig.  1). 

In  particular  the  tangential  force  F'  per  unit  wheel  width  can  be  expressed  as 
follows  F^  = F^(h  ^ 

f is  the  force  sensitivity  exponent 

F,  is  the  reference  force  per  mm  wheel  width  for  h = Iwm. 

1 eq 

On  the  other  hand,  it  is  well-known  that  the  specific  energy  is  proportional  to  the 
tangential  force,  and  as  such  it  varies  with  the  equivalent  cut  thickness  h . For 
the  sake  of  comparison,  the  specific  energy  is  taken  for  h =0.1um;  the  symbol  used 
is  e ^*5 

Both  (Quantities,  F*  and  e.  , as  well  as  f are  characteristic  of  the  workpiece- 
grinding  wheel  combination ' as  well  as  of  the  coolant.  A series  of  evaluations  of 
coolant  and  grain  quality  have  been  carried  out  on  this  base  (7) . Typical  values 


of  F , f and  e-  ^ are  given  in  Table  II  of  the  appendix. 

Experiments  shoCr  that  a clear  relation  exists  between  the  specific  energy  and 


the  surface  dcunage. 


2.  Thermal  model 


2.1.  General  procedure 


Literature  is  unanimous  to  designate  thermal  phenomena  as  major  factors  in  producing 
residual  stresses.  The  authors  are  however  not  so  unanimous  in  assigning  either 
differential  expansion  or  metallographic  changes  thermally  produced  as  main  causes. 
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Also  the  link  between  the  temperature  and  the  grinding  parameter  is  not  clearly 
explained. 

For  that  reason  a precise  thermal  model  was  developed  by  A.  Decneut  and  M.  Marls,  the 
validity  of  which  they  experimentally  assessed.  The  study  based  upon  Jaeger's  (9)  two 
dimensional  model  of  heat  distribution  for  a moving  heat  source  with  infinite  length, 
first  applied  to  grinding  by  K.  Takazawa  (10)  and  N.  Des  Rulsseaux  (11).  Jaeger's  model 
gives  the  temperature  fields  as  well  as  function  of  the  time  and  of  the  distance  to  the 
moving  heat  source.  Owing  to  the  fact  that  in  the  study  of  grinding  stresses  only  the 
maximum  temperature  is  of  Interest,  Takazawa  (10,  11)  developed  a fosnnula  giving  the 
maximum  temperature  as  function  of  the  depth  underneath  the  surface  as  well  as  of  the 
grinding  parameters. 

M.  Marls  developed  the  model  for  different  shapes  of  the  heat  source  (rectangular,  para- 
bolic, triangular)  and  considered  to  main  cases:  the  cut-off  operation,  the  creep  grinding 
conventional  plunge  or  surface  grinding. 

The  case  of  cut-off  operations  (fig.  4)  shows  the  heat  distribution.  It  is  seen  that  the 
material  is  heated  up  just  in  front  of  the  wheel,  so  that  the  largest  heat  flux  is  eva- 
cuated through  the  chip.  It  has  been  shown  that  the  grinding  energy  is  lower  with  higher 
Infeed  speed,  and  that  the  surface  dcunage  even  at  the  side  flanks  is  low.  This  explains 
why  practically  no  burning  marks  are  observed  by  cut-off  grinding,  except  at  the  end  of 
the  cut  where  the  heat  evacuation  through  the  metal  is  reduced. 
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Fig.  4.  Representation  of  isotherms  in  cut-off  operations. 

The  case  of  creep  grinding  lies  between  the  cut-off  grinding  emd  the  conventional  grinding. 
It  shall  not  be  discussed  here . 


The  case  of  conventional  plunge  or  surface  c 
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. Fig.  5.  Schematic  representation  of  isotherms  due  to  the  thermal  input  in  conventional 

plunge  or  surface  grinding. 

2.2.  Temperature  model  for  conventional  grinding 


f 


The  heat  intensity  input  in  the  workpiece  in  the 
written  as: 

0 m K ■ — 

''W  I, 


case  of  conventional  grinding  can  be 


where  is  the  actual  contact  length  between  the  wheel  and  workpiece.  A fair  agreement 
between  the  authors  exist  to  consider  the  real  contact  length  as  twice  the 
theoretical  contact  length. 
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d d 

d is  the  equivalent  dlcuneter  f 

e d;;±ag 

K Is  the  amount  o£  energy  flowing  into  the  workpiece.  A good  agreement  exists 
among  the  authors,  also  confirmed  experimentally  by  M.  Marls:  0.8<K<0.85. 

In  this  study  K = 0.85. 

The  Takazawa-Marls  formula  giving  the  maximum  temperature  at  a depth  z,  has  the  form: 
^max  = 

Tmax  = 0.58F,(pc)-°-^’  k-°-53  ,f-0.57  ^1.1-f  ^0.765-f 

exp|-0.4459(^^)°-®^  (ad^)"®'^®^  z| 


Tj^  is  the  maximum  contact  temperature  for  z = 0. 

z is  a measure  of  the  decay  of  the  temperature  into  the  body  of  the  workpiece; 
^ when  z is  large  the  decay  is  slow,  and  the  heat  affected  zone  is  large,  and 
inversely. 


The  expression  of  T can  also  be  written  as  function  of  the  metal  removal  rate 
(per  unit  wheel  wld?lftf  Z'  = av^. 


T 

max 


0.58  F^(pc) 


-0.47  ^-0.53j2')^"°-235  ^-0-335  ^1 


1-f  .0.765-f 


exp  -0.4459(Z')"°'^®^ 


^0.815 


, pc, 0.63  ,-0.185 


z 


2.3.  Experimental  confirmation 

Experimental  confirmation  of  this  formula  has  been  given  by  means  of  a series  of  tempera- 
ture measurements  using  a method  designed  by  J.  Peklenik  (12).  The  results  are  given  fig. 6. 
A confirmation  of  these  measurements  and  of  the  calibration  is  given  further  when  the 
boundary  of  the  heat  affected  zone  at  a critical  temperature  T will  be  computed  and 
measured  (Table  III) . 
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Fig.  6.  Temperature  distribution  at  low  workspeed  v^=0.08m/sec  and  large  Infeed. 


2.4.  Interpretation  of  the  thermal  model  (fig.  7) 

2.4.1.  The  thermal  characteristics  of  the  material. 

The  contact  temperature  T„  is  approximately  inversely  proportional  with  the  square  rooth 
of  the  product  of  the  specific  heat  pc  and  the  thermal  conductivity  k. 

However  the  temperature  decay  gradient  Increases  with  the  thermal  diffusivlty  o = — 
as  anticipated. 

2.4.2.  The  force  sensitivity  exponent  f has  a major  importance.  Practically  0.35<f<l. 
a.  Grinding  with  a workpiece  - wheel  combination  characterized  by  a large  f value  makes 

the  contact  temperature  Tj^  less  sensitive  to  an  Increase  of  wheel  velocity.  Generally 
high  alloy  steels  have  a*^small  f value  with  most  currently  used  grinding  wheels. 

It  is  well-known  that  they  are  more  sensitive  to  burns  and  cracks.  On  the  other  hand 
in  some  examples  given  later  f equals  1,  so  that  the  exponent  of  v is  0.11 
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b.  f Is  also  governing  the  Influence  of  the  Infeed  a.  An  Increase  of  a is  always 
detrimental. 

c.  f =•  0.57  is  a discriminating  value  for  the  influence  of  the  work  speed. 

For  ordinary  steels  increasing  the  wheel  speed  may  somewhat  increase  the  contai 
temperature  Tj.,  but  Increases  very  much  the  decay  coefficient,  as  a factor  v°' 
appears  in  the  exponent  (which  is  negative)  cmd  this  is  independent  from  f. 

The  consequences  of  this  will  be  explained  in  what  follows. 


Tmax  • ^ f-as?  ^ U-f^^07$S-t 


Fig.  7.  Tridimensional  display  of  the  thermal  model  of  the  maximum  contact  temperature  Tj^. 


2.4.3.  The  working  conditions. 

As  to  the  contact  temperature  Tj^: 

- An  increase  of  wheelspeed  Vg  (other  parameters  constant)  always  produces  when  f is 

smaller: (e.g.  when  f = 0.97  one  gets  v2"13  on  the  contrary  for  f = 0.37  one  yields 
v0.73j)_  s 

- Increasing  the  metal  removal  rate  Z'  Increases  the  surface  temperature  in  most  of  the 

cases,  except  when  f<0.57  and  an  Increase  of  Z'  is  only  due  to  v . In  any  case  by  in- 
creasing the  Infeed  depth  a the  detrimental  influence  is  more  marked  than  when  increasing 
v^^dndeed  af"0*235  ^ 

- Increasing  the  workspeed  v keeping  all  other  pareuneters  constant  (including  Z')  is 

very  favorable.  To  increase  Z'  by  increasing  v,.  keeping  a constant  is  favorable  as  long 
as  f<0.57.  w - 

- Increasing  the  infeed  a is  always  detrimental  while  practically  in  all  cases  f is 
larger  than  0. 235. 

- Increasing  the  equivalent  diameter  d is  generally  unfavorable,  especially  when  f<0.765. 
It  explains  difficulties  in  grinding  with  large  diameter  Cubic  Nitride  wheels,  and  also 
in  internal  grinding. 

As  to  the  temperature  decay  coefficient  z ; an  increase  of  the  workspeed  v is  always  very 
favorable, while  an  increase  of  grinding  dSpth  a and  of  the  equivalent  diameter  d are  both 
detrimental.  ® 

It  must  however  be  noted  that  the  depth  of  the  heat  affected  zone  is  a function  of  the 
contact  temperature  as  well  as  of  the  decay  gradient. 

A svunmary  of  these  conclusions  is  visualized  fig.  7 for  the  case  of  constant  infeed  a. 

A similar  graph  is  provided  for  the  case  of  constant  metal  removal  rate  in  (1). 

The  graph  of  the  residual  stresses  as  commented  in  the  last  section  confirms  completely 
the  validity  of  this  thermal  model. 

3 . The  residual  stresses 
3.1.  Experimental  method 

The  method  used  for  measuring  the  residual  stresses  is  the  relaxation  method  applied  on 
rings  of  90mm  diameter.  The  method  is  fully  described  by  A.  Decneut  in  (13).  Fig.  8 
represents  schematically  the  apparel  used.  The  deflection  is  directly  measured  4 and . fed 
into  a computer  which  processes  the  Information  into  stress  values  by  means  of  a modified 
E.  Thomsen-J. Frisch  formula  (14) . 

Verification  measurements  have  been  made  by  X-Ray  method.  Both  methods  gave  compatible 
results.  X-Ray  measurements  are  local  and  directional  but  cumbersome. 


The  etching  method  Is  perfectly  valid  as  long  as  average  stresses  are  considered. 

The  method  Is  easy  and  fast.  X-Ray  data  may  however  be  required  when  trying  to  corre 
late  local  stresses  with  fatigue  resistance. 
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Fig.  8.  Device 

used  for  measuring  residual  stresses  by  relaxation. 

3.2.  Factors  affecting  residual  stresses 

In  order  to  explain  the  observed  shape  of  the  residual  stress  distribution  three  major 
components  must  be  taken  Into  account.  The  first  two  ones  result  from  the  temperature 
effects,  the  third  one  Is  due  to  mechanical  effects. 

3.2.1.  The  thermal  expansion  stress  component. 

The  workpiece  surface  can  conveniently  be  subdivided  into  three  layers  (Fig. 9): 


uppf  laytr 
inttnmdiat* 


bulk  maturiat 


Fig.  9.  Real  contact  length. 

I.  the  upper  layer,  generally  less  than  10... 15  um  deep  has  been  directly  exposed  to  the 
surface  temperature  as  described  In  preceding  sections. 

II.  the  Intermediate  layer  thermally  affected  by  conduction  and  as  well  as  by  stresses 
balancing  the  previous  ones. 

I 2md  II  are  generally  referred  to  as  heat  affected  zone  (HAZ) . 

III.  the  bulk  material,  unaffected  by  grinding  operation. 

Let  us  consider  the  stress-strain  diagram  of  an  Ideal  elastic-plastic  material  (Fig. 10) 
and  assume  that  Initially  no  stresses  exist  In  the  material  (point  O) . If  the  upper 
layer  Is  heated  up,  it  tends  to  expand,  but  it  Is  held  back  by  the  underlaying  layers 
and  It  behaves  as  a bar  heated  up  but  firmly  held  by  two  fixed  ends  preventing  Its 
expansion.  Zone  I Is  then  submitted  to  compressive  stresses,  which  often  reach  the 
yield  point  so  that  plastic  deformation  occurs. 

The  stress  strain  situation  of  layer  I at  maximum  temperature  Is  represented  by  point  I, 
while  layer  II  Is  submitted  to  tensile  stresses  but  still  In  the  elastic  domain  as 
represented  by  point  Ilj.  During  the  cooling  phase  the  upper  layer  I relaxes  elastically 
and  ends  up  at  point  I2  subjected  to  residual  tensile  stresses;  on  the  other  hand  layer  II 
reaches  a compressive  state  IIj,  so  that  the  overall  situation  In  equilibrium.  Taking  into 
account  the  variation  of  the  mechanical  properties  due  to  temperature  rise,  the  yield 
point  Is  reached  earlier  and  a stress-chain  cycling  as  Indicated  fig.  10b  occurs. 


Fig.  10.  Thermal  origin  of  the  residual  stresses. 

As  a conclusion  it  can  be  said  that,  neglecting  pure  mechanical  effects  and  structural 
transformation”  tensile  stresses  remain  in  the  upper  layer,  while  compressive  stresses 
appear  in  layer  II. 

It  must  also  be  pointed  out  that  residual  stresses  will  be  higher  when  the  thermal 
expcuision  coefficient  is  larger,  the  yield  strength  of  the  material  at  elevated  tempera- 
ture la  lower,  because  in  this  case  the  plastic  deformation  is  larger. 

Fig.  11  shows  that  notwithstanding  the  fact  that  15NiCr6  steel  reaches  a lower  surface 
temperature  than  32NiCrMol2,  the  maximum  residual  stresses  are  higher. 

On  the  other  hand  it  must  be  pointed  out  that  when  the  temperature  reaches  a point 
between  AC,  and  AC,,  the  starting  point  and  the  end  point  of  the  Austenitic  transforma- 
tion, a volume  contraction  occurs,  which  explains  the  unexpected  fact  that  lower  residual 
stresses  have  been  recorded  in  100  Cr6  for  rougher  grinding  conditions  causing  higher 
temperatures.  Fig.  12  demonstrates  clearly  this  point.  The  major  importance  of  the 
thermal  expansion  will  be  confirmed  further  in  correlating  the  maximum  residual  stresses 
with  the  free  expansion  at  the  maximum  surface  temperature 


Fig.  11.  Comparison  of  the  surface  stresses  for  3 materials  with  different  yield 
strength  Oq  j. 
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Fig, 12.  Residual  stresses  as  function  of  the  contact  temperature  showing  the  Influence 
of  the  free  expansion. 


3.2.2.  The  stress  component  due  to  the  metallographlc  transformations. 

Metal lographlc  structural  transformation  superimposed  upon  the  thermal  expansion  can 

modify  fundamentally  the  shape  of  the  residual  stresses. 

- In  preceedlng  section  It  has  already  been  mentioned  that  the  transformation  from  ferrite 
to  austenite  results  In  a volume  contraction. 

- On  the  other  hand  when  this  austenite  Is  quenched,  untempered  martensite  Is  generated 
which  Increases  the  specific  volume.  While  this  generally  happens  at  a temperature  range 
where  plastic  deformation  does  not  occur  any  more,  compressive  stresses  will  appear  in 
the  upper  layer  I and  tensile  stresses  in  layer  II.  This  often  explains  a typical 
decrease  of  the  thermally  induced  tensile  stresses  in  the  upper  layer  I,  5 to  lOum  wid 
underneath  the  surface.  This  has  been  confirmed  by  excunlnlng  the  micrographs.  Untempered 
martensite  shows  up  as  the  so  called  "white  layer".  On  the  other  hand  microhardness 
measurements  made  on  the  tapered  layers  give  a final  confirmation  of  this  assumption. 

- Finally,  when  a hardened  material  is  heated  up  martensite  or  residual  cementite  will  be 
annealed  to  ferritic  structure , producing  a shrinkage  of  the  upper  layer  I (volumetric 
shrinkage  2%,  linear  0.67%).  Here  again  tensile  stresses  are  produced,  'in  layer  I and 
compressive  ones  In  layer  II. 

The  superposition  of  thermal  expansion  stresses  and  this  martensite  annealing  may  pro- 
duce high  residual  stresses  even  In  gentle  grinding  as  shown  fig.  15  thst  3Il(hardened 
32NiCrMo  12-5) . 


3.2.3.  The  mechanical  stress  component  is  due  to  Herzlan  compression  and  shear  forces  in 
grinding.  It  generally  result  In  compressive  stresses  in  the  upper  layer  I,  generally  5 
to  lOpm  wide.  They  Increase  when  the  contact  pressure  Is  large  as  due  to  large  Infeed 
values  a.  This  phenomenon  explains  superficial  relaxation  of  the  tensile  stresses  even  In 
steels  where  martensitic  transformation  can  hardly  occur  as  In  15NlCr6,  fig.  13  and  14. 
This  effect  was  mainly  studied  by  Nakajlma  (17). 


I 

t 
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4 . Experimental  confirmation 

4.1.  General  comments  of  the  experiments 

A series  of  about  lOO  experiments  has  been  made  by  M.  Marls  and  A.  Decneut  mainly  on  3 
different  steels: 

100Cr6  a ball  bearing  steel  body  hardened  and  tempered 
15NlCr6  a typical  cementation  steel  - normalized 
32NiCrMo  12/5. 

All  characteristics  of  these  steels  are  given  table  I and  II.  The  grinding  charts  were  also 
established.  After  grinding  in  different  conditions,  stresses  as  well  as  micro-hardness 
measurements  were  recorded.  Only  some  typical  examples  can  be  discussed  here.  For  further 
study  we  refer  to  the  thesis  of  A.  Decneut  and  M.  Marls  (3)  (4) . 

Figs.  13  and  14  are  related  to  15NlCr6. 

a.  The  difference  between  fig.  13  and  14  may  be  wrongly  interpreted  as  due  to  the  difference 
of  wheelspeed.  This  Is  only  partially  true  because  f=l  (Table  I)  so  that  one  gets  vg*^. 
This  steel  however  Is  very  sensitive  to  an  increase  of  the  Infeed  depth  a and  somewhat 
to  Vj,.  However  the  heat  affected  zone  Is  clearly  enlarged  when  v„  decreases  and  the 
contact  temperature  is  high.  On  the  other  hand  the  yield  strength  of  this  steel  drops 
significantly  above  150“C. 


b. 


Test  296  I shows  high  tensile  stresses  in  layer  I,  due  to  thermal  expansion  of  a 
material  with  low  oo.2"  "^he  Infeed  is  small  (a  » 1.5um/rev)  so  that  no  mechanical  com- 
pressive stress  compensates  the  tensile  stresses. 

Test  294  : would  normally  yield  higher  thermally  induced  tensile  stresses  as  expected 
by  the  large  free  expansion  ^Tj..  However  this  is  compensated  by  mechanical  compressive 
stresses  due  to  larger  infeed  Ta  » 4.5wm/rev). 

Test  297  : again  thermal  tensile  stresses  more  compensated  by  the  mechanical  compressive 
stresses  (a  = 7.5um/rev). 


A. 


1 

i 
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Test  295  : gentle  grinding  (Z*  =•  0. 75iim\3/sec)  with  mechanical  compression. 

It  must  be  noted  that  the  micrographs  show  some  rest  austenite  transformed  to  ferrite. 

On  the  other  hwd  one  can  observe  that  the  mechanical  effect  Influences  a small  region 
of  less  them  lOum  deep  under  the  surface. 

Micrographs  show  a characteristic  variation  of  the  depth  of  the  mechanically  affected 

zone  (MAZ) . As  already  emtlclpated  by  looking  at  fig.  12  the  mechanical  compressive  i 

stresses  disturb  the  rule  of  maximum  free  expemslon  when  these  thermal  stresses  are 

near  the  surface. 


tsmcr$ 


Fig.  13.  Hardness  and  residual  stresses  in  plunge  grinding  for  0.15%  Carbon  steel  at  a 
wheel  speed  v^  = 30m/sec. 

Fig.  14  : again  15NiCr6. 

- The  major  influence  of  the  workpiece  speed  Vy,  on  the  width  of  the  stress  affected  zone 
is  clearly  marked. 

- Test  302  shows  the  largest  free  expansion  - the  largest  maximum  stress,  compensated  by 
strong  mechanical  compression  at  the  surface  (a=7.5ijm). 

- Test  302,  305,  303,  304  give  a decreasing  maximum  stress  as  a decreasing  free  expansion 
XTj(.  {X  is  the  thermal  expansion  coefficient). 

- Test  303  as  305  show  the  large  stress  affected  zone  due  to  low  Vy,  (0.3um/sec) . 

Although  the  stress  reversal  depth  is,  as  expected  larger  in  test  305  (z  = iSOum)  than 
in  test  303  (140vm),  the  stressdistrlbution  is  somewhat  uncommon,  but  correspond  very 
well  to  the  large  martensite  layer  formed  under  the  surface. 

- Test  304  lowest  surface  temperature  and  small  stress  affected  zone  due  to  relatively 
large  Vy,  (1.5tjm/sec  against  0.3wm/sec). 

Fig.  15  : shows  similarly  the  hardness  and  residual  stress  distribution  for  32NiCrMo  12/5. 

- Again  the  maximum  stresses  are  in  the  order  as  the  free  thermal  expansion  XTj^. 

- Test  313  shows  a much  deeper  stress  affected  zone  as  test  310  because  Vy,  is  smaller 
(Vy,  = 0.5ijm/sec  against  1.5um/sec). 

- On  the  other  hand  313  and  310  show  a marked  layer  of  untempered  martensite  as  well  in 
the  micrograph  as  in  the  hardness. 

In  tests  312  and  311  the  thermal  stresses  are  compensated  in  the  upper  layer  by  some 
martensite  formation  and  mechanical  effects. 

Fig.  16  confirms  previous  findings  for  a ball  bearing  steel  100Cr6.  It  must  be  observed 
that  f = 0.78,  consequently  the  increase  of  wheel  speed  from  30  to  60um/sec  (tests  4 and 
14)  produces  only  an  increase  of  the  contact  temperature  (15%).  However  the  increase  of  a 
has  a major  influence  (test  10  and  8).  On  the  other  hand  smaller  Vy,  values  Increase  the 
depth  of  the  heat  affected  zone.  On  fig.  16  some  experiments  with  15NiCr6  have  been 
recorded  for  the  sake  of  comparison. 
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Fig.  16.  Influence  of  the  machining  parameters  upon  the  residual  stresses  of  15NiCr6  and 
100Cr6. 

4.2.  Depth  of  the  hardness  affected  zone. 

Another  interesting  confirmation  of  the  thermal  model  is  yielded  when  considering  the 
depth  Z.J.  where  the  critical  temperature  Tj.r  is  reached  at  which  the  original  hardness  H 
of  the  material  is  unaffected. 

Metal lographlc  data  give: 
for  100Cr6  T = 150“C 

for  15NiCr6  T^r  = 250'’C 

for  32NiCrl2-5  = 200‘’C 


When  the  corresponding  depth  Zip  is  computed  with  T respectively  equal  to  150°C,  250‘’C  and 
200°C  and  compared  with  the  measured  value  of  Zp  at  which  the  original  depth  is  found 
unaffected,  following  table  is  yielded  and  a very  satisfactory  correspondence  is  found. 


Table  III 


Test  NO. 


Computed  z_ 


Measured  z„ 


100Cr6 


Illll 


2NiCrl 

311  47  50 

312  86  75 

313  135  117 


It  must  be  noted  that  whenever  z<10wm  the  thermal  expansion  is  often  compensatec 
mechemlcal  or  metallographlcal  effects,  as  it  is  the  case  in  test  295-296. 


5.  Conclusions  for  practice 

It  clearly  appears  that  thermal  expansion  is  a main  cause  of  residual  stresses.  The  thermal 
characteristics  and  the  yield  stress  of  a material  are  major  factors.  A low  yield  stress 
at  elevated  temperature  can  produce  high  residual  stress.  Consequently  all  factors  produc- 
Ing  a decrease  of  surface  temperature  will  be  beneficial.  Let  us  consider  them  individual: 
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a.  Cooling 

Oil  coolant  Instead  of  water  emulsion  j It  Is  proven  that  the  specific  energy  of  the 
grinding  operation  Is  much  lower  using  oil  coolant  then  using  water  emulsion.  The 
explanation  Is  that  oil  decreases  the  friction  coefficient  very  much.  Using  a oil 
coolant  prevents  the  contact  temperature  to  reach  high  values;  however  the  average 
temperature  of  the  workpiece  may  Increase  which  In  turn  may  cause  dimensional  problems. 
Water  emulsions,  on  the  contrary,  do  not  penetrate  the  grinding  contact.  So  that  high 
local  temperature  and  thermal  damage  will  be  caused.  Immediately  after  heating  the  piece 
will  be  quenched  and  Its  average  temperature  will  be  kept  low.  ' 

Fig.  17  shows  how  stresses  can  be  reduced  to  about  nothing  even  become  compressive 
using  oil  coolant.  One  should  however  keep  In  mind  that  oil  must  detrimental  for  the 
health  when  Inhealed.  It  must  be  evacuated.  Oil  may  also  Increase  the  "ploughing"  depth 
when  the  contact  length  Is  large  e.g.  In  Internal  grinding. 
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Fig.  17.  Influence  of  the  coolant  on  residual  stresses. 


Segmented  profile (fig. 18)  or  dressing  tread  (large  dressing  lead)  brings  the  coolant 
to  the  contact  place  (15) , but  this  technique  simultaneously  Increases  the  heg  and  the 
roughness.  On  the  other  hand  It  has  been  proven  that  even  high  pressure  cooling  has  a 
minor  Influence  except  as  to  cleaning  the  wheel . 

b.  The  grinding  conditions; 

the  thermal  model  provides  the  Information. 

wheel  speed  Vg  ; has  less  effect  as  anticipated  except  In  cases  where  f Is  small  as 
e.g.  In  the  case  of  exotic  steels. 

Infeed  a : has  a major  Influence,  not  only  In  producing  larger  surface  temperature,  but 
also  In  generating  compressive  compensation  In  the  upper  layer,  when  large  Infeeds  are 
used. 

workspeed  v...  : lowering  the  workspeed  Is  generally  detrimental.  It  Increases  the  surface 
temperature  when  f<0.57;  but  In  any  case  It  Increases  the  depth  of  the  heat  affected 
zone  In  any  case. 

equivalent  diameter  d^  : Increase  of  the  contactlength  Is  detrimental. 

c.  Thermal  and  mechanical  properties  also  have  a major  Influence. 
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Table  I : Characteristics  of  investiaated  steels 
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1.43Cr 

0.29Mn 
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Kgm-3  J (Kg'C)  |J (mS'C) 
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Some  values  of  Fj^  and  f 
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EXPERIENCE  D’UTILISATION  DE  LA  COMMANDE 
ADAPTATIVE  EN  FRAISAGE 

par 

J.Y.Lhommet 

Research  and  Engineering  Lab. 

Aerospatiale 
Direction  IndustrieiJe 
12  rue  Pasteur,  92152  Suresnes,  France 

1.  BUT 

La  realisation  de  pieces  aeronautiques  en  alliages  legets  ou  en  metaux  durs  exige,  de  par  les  dimensions  et  la  complexite  grandis- 
santes,  I’emploi  de  machines  k commande  numetique  dont  le  cout  est  tres  eieve.  Tout  systeme  amenant  un  gain  de  productivite 
par  reduction  des  temps  technologiques  ou  des  temps  d’immobilisations  permet  de  reduite  le  nombre  de  machines,  done  de 
itduire  I’investissement. 

Pour  reduire  les  temps  d’immobilisations  (montages  de  pieces,  changement  d’outils),  on  a pu  proposer  les  systemes  de  palettes, 
ou  les  changeurs  d’outils  automatiques.  En  ce  qui  conceme  les  temps  technologiques,  done  la  coupe,  les  ameliorations  sont  long- 
temps  venues  des  fabricants  d’outils  offrant  des  materiaux  et  des  geometries  d’outils  de  plus  en  plus  performants.  Cependant,  la 
complexite  des  parametres  i prendre  en  compte  ne  permet  pas  au  programmeur  piece  d’en  tirer  tous  les  benefices. 

Un  systeme  complet  de  commande  adaptative,  incluant  la  generation  et  la  modulation  des  vitesses  d’avances,  dejd  largement  uti- 
lise par  I’industrie  aeronautique  americaine,  a paru  interessant  k implanter  sur  une  machine  FOREST  VS(X)  e CN  TELEMECA- 
NIQUE  NUM  353  du  Departement  Production-Recherches  de  la  Societe.  Ce  systeme  est  fabrique  par  la  Societe  MACX)TECH  k 
Seattle  (U.S.A.). 

2.  DESCRIPTION  DU  SYSTEME 

Sur  une  CN  classique,  la  vitesse  d’avance  choisie  par  le  programmeur  est  perforee  sur  la  bande.  Elle  ne  pent  etre  modifiee,  genera- 
lement  minoree,  que  manuellement,  sur  les  machines  possedant  une  correction  d’avance,  par  I’operateur  suivant  son  appreciation 
(vibration,  risque  de  rupture  d’outil). 

Le  systeme  MACOTECH  intervient  au  niveau  du  programmeur  et  de  I’operateur,  car  il  comprend  une  partie  ”logiciel”  et  une  partie 
’’materiel”. 

2.1.  La  partie  ”logiciel” 

C’est  un  programme  ordinateur,ecriten  Fortran,  travaillant  seul  (version  ’’STAND  ALONE”)  ou  en  liaison  avec  I’APT,  qui  permet 
de  definir  les  conditions  technologiques  optimales  d’usinage. 

Ce  programme,  en  fonction  de  parametres  fixes  par  le  programmeur  : 

. machine  utilisde, 

. materiau  e usiner, 

. outil, 

. genre  d’operation  (ebauche,  finition,  etc.), 

. precision  (deflexion  en  bout  d’outil), 

. etat  de  surface  desire, 

determine  k I’aide  de  modeies  mathematiques  et  de  fichiets  de  donnees  issues  du  ”METCUT”  : 

- la  Vitesse  d’avance, 

- la  Vitesse  de  coupe  (en  T/mn), 

- I’effort  necessaire  pour  casser  la  fraise, 

- I’efTort  necessaire  pour  casser  I dent  de  la  fraise, 

- I’effort  necessaire  pour  faire  fiechir  la  fraise  d’une  valeur  fixee  par  le  prograiruneur, 

- I’effort  necessaire  pour  deformer  la  piece  ou  I’outillage  hots  des  limites  fixees. 

De  plus,  il  seiectionne  k partir  de  ses  fichiets,  I’effort  de  securite  pour  la  machine  consideree. 

En  prenant  comme  reference  le  plus  faible  de  ces  efforts,  il  calcule  une  vitesse  d’avance  et  une  vitesse  de  rotation  broche,  et  il 
genere  un  code  Force  qui  sera  transmis  k I’atmoite  MACOTECH  par  une  adresse  specialisee  (en  general  P)  de  la  bande. 

2.2.  La  partie  ’’materiel” 

La  partie  ’’materiel”  se  compose  essentiellement  de  : 

. un  ensemble  de  4 capteurs  i induction  contrdlant  les  deplacements  de  la  broche  en  fonction  de  I’effort  de  coupe.  Ces  capteurs 
sont  loges  dans  un  support  annulaire  adapte  i la  machine  consideree;  il  remplace  le  couvercle  de  roulement  d’origine, 

. I'unite  MAC.  I qui  est  un  ensemble  eiectronique  de  conception  modulaire  comportant  les  circuits  de  transformation  et  de 
comparaison  des  signaux  provenant  des  capteurs  avec  les  informations  issues  de  la  bande.  D comporte  egalement  I’interface  per- 
mettant  I’adaptation  au  systeme  de  commande  numerique. 

La  commande  adaptative  MAC.  I contrdle  la  force  appliquee  sur  la  piece  par  I’outil  (effort  de  coupe).  La  mesure  de  cette  force 
est  effectuee  par  les  capteurs  montes  sur  la  broche.  Elle  compare  cette  force  e une  force  de  reference  (force  de  securite  seiection- 
nee  par  le  programme  et  perforee  sur  la  bande  d’usinage). 

Elle  leduit  automatiquement  la  vitesse  d’avance  chaque  fois  que  I’effort  de  coupe  tend  k depasser  la  force  de  reference. 

Les  vitesses  d’avancr  perfoiees  sur  la  bande  sont  choisies  volontairement  trop  eievees  pour  une  grande  partie  de  la  sequence  d'usi- 
nage  considere,  de  maniere  k pouvoir  etre  reduites  lotsque  cela  est  rendu  necessaire  par  un  depassement  de  la  force  de  reference. 


hi 


I 


j 


3.  MISE  EN  OEUVRE  DU  SYSTEME. 


3.1.  Programmation 

En  programmation  automatique  AFT,  le  programmeur  doit  introduire  au  debut  de  son  programme  des  instructions  speciales 
d’appel  de  sous-progranunes  lui  permettant  d’initialiser  le  modeie  mathematique  avec  les  caracteristiques  des  machines,  de  la  ma- 
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Itiiie  A usiner  et  des  outOs.  Ensuite,  il  suffit  de  lemplacer  les  instiuctioiis  de  vitesse  (FEEDRATE)  par  un  appel  au  sous-programme 

de  calcul  en  ddciivant  le  travail  qui  va  <ti«  effectud  : section  maximum  de  matidre  rencontrde,  ddformations  admissibles,  dtat  de 
surface  souhaitd.  Le  logiciel  transmet  A I’AFT,  sous  forme  apptopride,  les  conditions  de  coupe  (vitesse  d’avance  et  de  rotation)  et 
I les  codes  "Force”. 

En  programmation  manuelle,  A partir  des  mdmes  informations,  les  idsultats  sont  sortis  sur  papier  et  doivent  dtre  intdgrds  sur  la 
i bande  avec  les  codes  approprids  (F,  S,  P). 

3.2.  Implantation  du  logiciel 

! Le  logiciel,  dcrit  en  fortran,  a dtd  implantd  sans  probldme  sur  ITBM  370/158  du  Centre  Technique.  La  version  employde  dtait 

une  version  INCH,  avec  conversion  en  entrde  mdtrique/inch  dcrite  sur  place. 

3.3.  Installation  du  matdriel 

L’installation  sur  la  machine  a ndcessitd  une  semaine  d’immobilisation  de  la  machine.  O travail  consiste  en  : 

. I’dtalonnage  de  la  broche, 

. le  montage  de  I’armeau  porte-capteurs, 

. la  liaison  coffret  MACOTECH  4 1’armoire  C.N.  TELEMECANIQUE  (inclusion  d’une  carte  interface  et  cablage), 

. les  cablages  entre  les  capteurs  et  le  coffret  MACOTECH. 

. I’dtaloimage  de  I’ensemble  et  les  essais  de  rdception. 

4.  EXPERIMENTATION 

4.1 .  Domaine  d’applkation  de  I’expdrimentation 

L’expdrimentation  a dtd  faite,  pour  la  Socidtd  dans  les  mdtaux  durs.  C'est  en  effet  le  cas  od  ; 

. le  rapport  temps  techiiologiques/temps  "main”  est  le  plus  dlevd, 

. roptimisation  de  vitesse  d’avance  sur  la  trqjectoire  est  la  plus  longue,  et  la  plus  ndcessaire, 

. I’emploi  d’dbauches  matricdes  ou  fotgdes  amdnent  des  formes  : 

- dvolutives  (variations  de  section  de  coupe  en  cours  de  passe), 

- peu  rdpdtitives  d'une  pidce  4 1’autre  (usure  rapide  des  matrices), 

. la  matidre  prdsente  des  hdtdrogdndltds  locales  (’’points  durs")  amenant  des  bris  d’outils. 

4.2.  Choix  des  pidces 

L’expdrimentation  a dtd  faite  sur  I’usinage  en  commande  adaptative  d’un  certain  nombre  de  pidces  reprdsentatives  des  fabrications 
adronautiques  rdalisdes  en  C.N.  dans  diffdrentes  usines  de  la  Socidtd  : 

. 16  ferrures  de  pales  principales  SA  341  acier  35  NCD  16. 

. 4-1-4  nervures  14  de  m4t  AIRBUS  acier  30  NCD  16 
. 2 nervures  8 de  mSt  AIRBUS  en  TA6V  (matricds) 

. 5 balanciers  de  train  de  MIRAGE  FI  en  35  NCD  16  (forgds) 

. 6 ferrures  d ’articulation  de  porte  AIRBUS  en  30  NCD  16 
. 5 ferrures  d’ancrage  en  35  CN  6 

4.3.  Principe 

Toutes  ces  pidces  ont  dtd  usindes  en  utilisant  la  programmation  initiale  pour  ce  qui  conceme  les  trajectoires  outils.  Les  fraises 
utilisdes  ont  dtd  dgalement  celles  employdes  en  usine.  Les  conditions  de  coupe,  vitesse  et  avance  ont  dtd  ddfinies  par  le  logiciel 
MACOTECH.  La  vitesse  de  rotation  de  broche  a dtd  choisie  dans  la  ganune  machine  aussi  proche  que  possible  de  la  vitesse  cal- 
culde  par  le  progranune. 

Les  pidces  ont  dtd  briddes  dans  les  mdmes  conditions  qu’en  production  soit  sur  des  outillages  foumis  par  I’usine  soit  rdalisds 
par  nos  soins  suivant  les  mdmes  principes. 

Le  chronomdtrage  des  temps  a dtd  fait  de  datum  4 datum. 

4.4.  Rdsultats 

(voir  4 titre  d’exemple  les  fiches  d’essais  pages  3 et  4). 

4.3.1.  Temps  de  coupe 

Les  temps  de  coupe  enregistrds  lors  des  diffdrents  essais  sont  asserWodtitifs  et  cohdrents  pour  qu’on  leur  accorde  crddit.  On  cons- 
tate des  gains  variant  de  45  4 70%  sur  les  temps  usine.  II  est  4 noter  que  ces  temps  usine  sont  des  temps  de  bande  thdoriques  n’in- 
cluant  pas  les  consdquences  de  I’utilisation  de  potentiomdtre  de  correction  d’avance  par  I’opdrateur. 

Dans  tous  les  cas,  la  commande  adaptative  est  venue  modules  les  avances  afflchdes  par  le  logiciel . Ces  avances  dtaient  pratiquement 
toujours  supdrieuRs,  pour  les  mdmes  outils,  4 celles  prdvues  par  les  programmeurs. 

La  qualitd  et  I’eflicacitd  du  logiciel  ont  dtd  dtroitement  lides  4 la  description  la  plus  exacte  possible  des  conditions  rdellement  ren- 
contrdes  sur  les  pidces. 

4.3.2.  Dutde  de  vie  des  outils 

La  limite  dtitilisation  des  outils  a dtd  ddterminde  par  un  examen  visuel  en  fin  de  sdquences  d’usinage  ou  par  le  passage  du  systdme 
en  ’’OVERLOAD”  (surcharge). 

Dans  la  majoritd  des  cas,  la  tenue  des  outils  est  au  moins  dgale  4 celle  que  Ton  obtient  en  usine,  en  considdrant  le  volume  de  co- 
peaux  entre  affOtages. 

L’adaptation  de  I’avance  aux  efforts  de  coupe  amdne  d’autre  part  une  rdduction  des  ddtdriorations  constatdes,  done  un  affutage 
plus  aisd  des  outils  avec  moins  de  matidre  4 retirer.  En  particulier,  si  Ton  a constatd  quelques  bris  d’outils  -d’ailleurs  identiques  4 
ceux  constatds  en  usine-  les  bris  de  dents  ou  dbrdchures  d’ardtes  sont  moins  frdquents. 

5.  CONCLUSION 

La  commande  adaptative  de  vitesse  intdresse  plus  particulidrement  les  utilisateurs  qui  usinent  des  pidces  complexes  dans  la  masse 
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fou  dans  des  6bauches  matric^es  ou  forgoes,  et  dans  des  matiriaux  k hautes  caracMristiques  qui  conduisent  k des  temps  de  coupe 
trts  long  et  pour  lesquels  la  determination  des  conditions  de  coupe  est  la  plus  difiicile. 

’ Qualitadvement,  les  avantages  que  Ton  peut  en  retirer  sont ; 

I . la  protection  des  machines  et  des  outils, 

. la  reduction  substantielle  des  temps  de  coupe, 

. la  Constance  des  resultats  obtenus, 

I . la  reduction  des  temps  de  mise  au  point  des  programmes  et  des  couts  de  traitements  induits, 

i . reiimination  de  I’appreciation  du  programmeur  et  de  I’operateur  dans  la  determination  des  conditions  d’usinage,  done  de  I’ex- 

; peiience  et  de  la  competence  de  ces  peisonnes  par  rapport  au  resultat. 
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Matiere  : 30  NCD  16  R = 1 08  hba 


[ 


• Mise  au  point  du  programme  et  incidents  MACOTECH. 

Tenue  des  outils  : Temps  moyen  entre  2 affutages  : I heure  de  coupe.  Chaque  fraise  assure  au  moins  son  operation  pour  1 piece. 
Reduction  des  temps  de  coupe  : 60% 

Nota  : Les  temps  sont  donnes  en  minutes  et  1/100. 
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OPERATION 

ebauche 

ebauche 

chanf. 

ebauches 

alveoles 

finition 

reprise 

detourage 

reprise 

balayage 

profil 

FRAISE 

050 

2 T.  R?. 

032 

2T. 

040 

con. 

025 

2T. 

016 

2T. 

014 

2T. 

020 

2T. 

016 

2T. 

032 

con. 

temps 

tot^ 

Temps  u^e 

116 

58 

6 

249 

109 

19 

60 

41 

260 

918 

N"  piece 

I 

53 

23 

2 

53 

80 

16 

42 

* 

• 

2 

• 

33 

2 

103 

77 

6,20 

48 

16 

104 

• 

3 

* 

33 

2 

* 

80 

6.20 

50 

16,20 

105 

4 

41 

31 

2 

78 

71,20 

7,20 

49 

16,20 

7b 

371,60 

5 

40 

31 

2 

85 

71,50 

6,20 

55 

16 

68 

374,70 

6 

42 

27,20 

2 

74 

69,20 

6 

41 

16 

74 

351,40 

7 

37 

35 

2 

78 

72 

6 

36 

16 

64 

346 

8 

41 

31 

2 

80 

6,80 

37,40 

17,20 

76 

369,40 

Matiere  : TA6V 


Face  AR 


Face  AV 


OPERATION 

Dia. 

temps 

C.N. 

usine 

temps  C.A. 

Dia. 

temps 

C.N. 

usine 

temps  C.A. 

outil 

N*  1 

N»  2 

outil 

N 1 

N«  2 

Usinage  int^rieur 

50 

7h37 

4h55 

4h  11 

50 

4h36 

2h35 

1 h50 

Entourage  ext^rieur 

50 

1 h 12 

Oh  32 

Oh  35 

50 

1 h38 

Oh  36 

Oh  28 

Reprise  des  rayons 

25 

IhSl 

1 h 18 

1 h 14 

25 

2h00 

1 h 18 

1 h 18 

Total  ; 

10h40 

6h45 

6h00 

8h  14 

4h30 

3h36 

* La  Vitesse  de  broche  passe  de  85  & 112  tr/mn. 

Tenue  des  outils  : Dans  tous  les  cas  les  outils  ont  assure  I’usinage  complet  dVne  face.  Le  r^affUtage  est  n^cessaire  apris  chaque  face. 
RMuction  des  temps  de  coupe  : 45%. 

Note  : Les  temps  sont  donnas  en  heures  et  minutes.  La  face  AR  de  la  place  n°  1 a servi  A la  mise  au  point  du  programme. 
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INNOVATIVE  MANUFACTURING  FOR  AUTOMATED 
DRILLING  OPERATIONS 
Carl  Mlclllo,  Manager 
John  Huber,  Group  Head 
Advanced  Materials  and  Processes  Development 
Grumman  Aerospace  Corporation 
Bethpage,  New  York  1171^,  U.S.A. 


SUMMARY 

The  major  cost  drivers  In  airframe  fabrication  are  Identified.  In  the  assembly  area, 
drilling  for  various  fastening  systems  Is  described  both  from  economic  and  quality 
aspects.  The  Five-Axis  Automated  Assembly  Fixture  developed  Jointly  by  Grumman  and  the 
U.  S.  Air  Force  addresses  both  labor  Intensity  and  reliability  with  minimal  capital  In- 
vestment. The  system  can  automatically  locate  the  substructure  of  a part  using  a digital 
scanning  process  and  form  a precise  map  of  the  location  of  the  parts.  The  digitized 
Information  is  used  to  drill  and  countersink  through  skins  and  substructures  without 
costly  templates.  The  evolution  of  the  system  Is  followed  from  the  development  stage 
into  production,  and  economic  analyses  and  projections  for  aircraft  structures  at  various 
learning  curves  and  production  rates  are  given.  Including  the  aluminum  A-6e  wing  and 
A-10  horizontal  stabilizer,  and  advanced  composite  B-1  fiorlzontal  stabilizer. 

INTRODUCTION 

In  the  brief  history  of  aviation,  a continuous  and  rapid  evolution  of  new  materials 
and  design  concepts  has  occurred.  In  the  quest  to  fly  faster  and  further  with  ever- 
Increaslng  mission  requirements,  stronger,  lighter  and  more  corrosion-resistant  materials 
have  been  developed,  ranging  from  wood  and  simple  fabrics  to  aluminum,  titanium  and  ad- 
vanced composites.  Technological  advances  In  airframe  structures,  however,  have  In- 
creased production  costs  which  must  be  offset  by  innovative  manufacturing  approaches. 

Some  of  the  major  cost  drivers  Identified  In  the  acquisition  cost  of  today's  aircraft  are: 

• Cost  of  new  raw  materials 


• Design  complexity 

• High  part  count 

• High  fastener-to-weight  ratio 

• Non-optimum  utilization  of  equipment  and  facilities 

It  is  Interesting  to  note  that  assembly  and  subassembly  labor  account  for  as  much  as 
50!{  of  the  total  manufacturing  cost  of  current  airframes.  Production  labor  Is  almost 
directly  proportional  to  the  number  of  detail  parts,  holes  for  joining,  and  fasteners. 
Since  a fighter  may  have  250  000  to  ^(00  000  holes  and  a bomber  or  transport  1 000  000 
to  2 000  000  holes,  drilling  has  become  a major  production  cost  factor. 

DESIGN/MATERIAL  IMPACT  ON  PROCESS  SELECTION 


Automated  drilling  and  riveting  can  drastically  reduce  subassembly  costs.  This  ap- 
proach should  be  considered  whenever  design  criteria,  weight  considerations  or  raw 
material  costs  warrant  Its  use.  For  example,  an  efficient  design  concept  for  a small, 
high-performance  wing  structure  Involves  use  of  a skln-strlnger  structure  that  must  be 
si’bassembled  to  produce  a skin  as'sembly  before  It  can  be  installed  on  the  v^lng  box  sub- 
structure (Fig.  1).  A five-axis,  numerically  controlled  (N/C)  drllllng/rlvetlng  machine 
(Fig.  2)  Is  being  used  to  produce  titanium  wing  structures  for  the  F-i5a  air-superiority 
fighter.  This  machine  Is  capable  of  oversqueezing  a rivet  or  slug  at  a predetermined 
stress  level  to  produce  a specified  amount  of  fastener-to-hole  interference  or  Installing 
precision  attachment  hardware  In  high  Interference  ranges  In  titanium  structures.  This 
approach  Is  also  being  used  to  produce  large  aluminum  wing  structures  for  transport  and 
commercial  airliners  (McDonnell  Douglas  DC-10,  Lockheed  1011  and  Boeing  727,  737  and  7^7) 
for  which  the  most  cost-effective  configurations  are  skins  stiffened  with  riveted  string- 
ers with  access  to  both  sides  of  the  structures. 

For  other  types  of  wing  structures,  such  as  multi-spar  wing  box  configurations 
(Fig.  3),  however,  automated  systems  are  either  unavailable  or  simply  have  not  yet  been 
developed.  In  this  case,  attaching  hardware  must  be  located  and  installed  on  assembly 
fixtures.  As  a result,  preparation  of  the  proper  drilling  operation  can  be  the  most 
costly  aspect  of  the  total  mechanical  fastening  operation  (Fig.  4).  Positioning  of 
stringers,  beams  and  ribs  beneath  a skin  can  be  off  by  as  much  as  6.4  mm  (0.250  In.). 
Normally,  pilot  drilling,  back  drilling,  countersinking  and  templates  are  required  for 
such  "blind"  drilling  operations. 

As  a case  In  point,  let  us  examine  a typical  manual  fastening  operation  on  an 
aluminum  fighter  wing  structure  for  which  an  average  manufacturing  tolerance  of  0.8  mm 
(0.032  In.)  Is  required.  The  procedure  would  normally  Involve  placement  of  the  substruc- 
ture without  Its  covers  (Fig.  5)  in  an  assembly  fixture,  followed  by  manual  positioning 
of  a series  of  templates  on  the  substructure  (Fig.  6)  and  then  laboriously  moving  the 
templates  by  hand  to  obtain  the  proper  edge  distance  (as  measured  from  the  hole  to  the 
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Fig.  1 Multi-Rib  Wing  Box  Configuration 


Fig.  2 Plve-Axls,  Numerically  Controlled  Drllllng/Rlvetlng  Machine 
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edge  of  the  Individual  spar,  rib  or  stringer).  These  time-consuming  operations,  for 
which  all  misalignments  and  tolerance  build-ups  must  be  accounted  for  and  corrected, 
are  unavoidable  unless  we  are  fortunate  enough  to  be  working  with  oversized  details  (at 
a significant  weight  penalty)  to  get  the  proper  edge  distances.  After  all  dimensional 
corrections  have  been  Indicated,  holes  can  be  drilled  through  the  wing  cover  and  sub- 
structure. Since  these  are  manual  operations,  we  are  all  too  painfully  aware  of  the 
potential  for  Improperly  positioned  holes. 


S 


SELECTIVITY  OF  AUTOMATION  IN  AEROSPACE  MANUFACTURING 


A 


When  the  purchase  and  deployment  of  automated  equipment  are  being  considered,  the 
nature  of  the  aerospace  manufacturing  community  must  be  examined.  We  are  essentially 
batch-type  producers,  often  manufacturing  various  details  in  relatively  small  quantities. 
As  a result,  the  advantages  of  full  automation,  such  as  that  found  in  the  automotive 
Industry,  are  not  applicable  to  the  aerospace  industry.  If  design  and  procurement 
criteria  warrant  large  capital  investment  and  "upfront"  money,  then  full  automation  Is 
the  answer. 

In  all  other  cases,  the  obvious  challenge  is  a system  providing  production  cost 
savings  and  reliable  Ijole  quality  with  nominal  capital  expenditures.  The  system  we  have 
developed,  the  Five-Axis  Automated  Assembly  Fixture  (Pig.  7),  is  capable  of  automatically 
locating  and  correcting  for  variations  In  the  positions  of  the  substructure  components 
by  means  of  a digital  scanning  process,  and  then  automatically  positioning  and  operating 
a portable  drilling  device  on  an  assembly  fixture.  The  unique  and  most  attractive  feature 
of  this  system  is  the  capability  to  create  a precise  map  of  the  locations  of  the  various 
substructure  components  without  the  need  for  costly  templates.  The  digitized  Information 
obtained  in  the  scanning  process  is  computerized  and  subsequently  used  by  the  Five-Axis 
Assembly  Fixture  to  automatically  drill  and  countersink  through  the  cover  and  substruc- 
ture in  one  operation  - - rapidly,  accurately  and  economically.  This  system  Is  being 
used  in  production  on  Grumman  A-6E  wings  and  Is  being  evaluated  for  use  with  the  Pair- 
child  A-10  stabilizers. 

FIVE-AXIS  AUTOMATED  ASSEMBLY  FIXTURE 

Modular  Features 

Since  the  Five-Axis  Automated  Assembly  Fixture  is  modular  in  nature.  It  can  be  readily 
adapted  to  many  other  applications.  The  system  consists  of  a horizontal  fixture  that 
holds  the  wing  structure,  a vertical  gantry  that  holds  the  drill  head  which  houses  either 
the  scanning  camera  or  drill  unit,  a central  controller,  a remote  Interface  box,  and  an 
operator  control  pendant.  The  central  controller  consists  of  a DEC  PDP-8/E  unit  with 
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disk  storage,  a real-time  clock,  power  supplies.  Interface  electronics  and  a teletype. 
The  system  has  five  axes  of  motion  (Pig.  8).  Pour  axes  of  motion  are  operated  electri- 
cally by  drive  motors.  These  are: 

• X-Axls  - horizontal  movement  (left  to  right)  of  the  gantry  across  the  wing 
structure 

• Y-Axls  - vertical  movement  (up  and  down)  of  the  scanning  camera/drill  head 
unit  on  the  gantry 

• a- Axis  - rotation  around  the  X-axls  that  allows  the  drill  spindle  or  camera 
lens  to  pitch  up  or  down  at  various  angles 

• P-Axls  - rotation  around  the  Y-axls  that  allows  the  drill  spindle  or  camera 
lens  to  yaw  left  or  right  at  various  angles. 

The  fifth  axis  of  motion  (Z  axis)  Is  operated  by  a pneumatic  cylinder  for  drill  feed  and 
camera  focus  control. 

Hole  Position  Calculation 


Through  the  control  pendant,  the  operator  can  direct  the  computer  to  Issue  electrical 
camera-positioning  signals  for  the  drive  motors  In  the  four  axes  to  start  the  scanning 
operation.  The  digital  scanning  camera  (Pig.  9),  which  Is  housed  In  the  drill  head  as- 
sembly, locates  the  edge  of  the  structural  members.  The  computer  then  calculates  the 
offset  distance  for  hole  placement  from  the  Individual  electrical  pulses  generated  through 
detection  of  the  reflected  light  by  a linear  array  of  photodiodes  as  a function  of  light 
Intensity  and  exposure.  Since  the  scanning  camera  Is  positioned  so  that  It  Is  centered 
at  the  edge  of  the  substructure,  half  of  the  photodiodes  respond  to  the  reflected  light. 
The  operational  range  of  the  camera  Is  256  pulses  (plus  6.5  mm  (0.256  In.))  because  there 
are  512  photodiodes  In  the  array.  If  the  scanning  camera  Is  more  than  6.5  mm  (0.256  In.) 
from  the  center  while  seeking  the  edge  of  a substructure  component,  the  computer  run-time 
software  drives  the  camera  to  Its  computed  midpoint  so  that  It  can  rescan  the  hole  after 
taking  Into  account  any  overshoot  or  undershoot.  If  the  camera  finds  the  edge  of  the  > 
substructure  component  within  Its  operational  range  of  6.5  1.1 -3  mm  (0.256  +0.050  In.), 

It  Is  not  moved.  Hole  position  Is  calculated  by  the  computer  based  on  the  camera  read-  * 
Ing  once  the  reading  Is  within  1.3  mm  (0.050  In.). 

Scanning 

The  scanning  cycle  Is  the  first  operation  In  the  sequence,  since  holes  must  be  scanned 
before  being  drilled.  In  the  case  of  the  wing  structure  assembly  (described  previously 
for  manual  operation),  the  substructure  without  the  cover  Is  placed  In  an  assembly  fix- 
ture, the  scanning  camera  Is  placed  In  the  drill  head  assembly,  and  all  five  axes  are  at 
the  zero  position.  Through  the  control  pendant,  the  operator  activates  the  program  for 
the  scanning  cycle,  which  turns  on  the  camera  lights  and  sends  back  signals  to  the  com- 
puter to  identify  the  actual  position  of  the  substructure.  The  computer  corrects  the  nomi- 
nal hole  position  to  the  desired  position  as  a function  of  the  actual  substructure  posi- 
tion and  sends  this  Information  to  the  disk  file.  The  scanning  program,  based  on  a file 
^f  master  coordinates  taken  from  engineering  drawings,  generates  a modified  set  of  hole 
coordinates  to  drill  holes  for  temporary  fasteners  to  hold  the  cover  to  the  substructure 
and  then  another  set  of  hole  coordinates  to  drill  and  countersink  all  other  holes. 

Drilling 


Upon  completion  of  the  scanning  program,  all  axes  are  returned  to  the  zero  position, 
a drill  head  replaces  the  camera  In  the  drill  head  assembly,  and  the  wing  cover  Is  tem- 
porarily clamped  to  the  substructure.  Drilling  and  installation  of  temporary  Cleco 
fasteners  precedes  the  drilling  of  finished  holes  in  accordance  with  the  modified  pro- 
gram. Normality  of  the  drill  head  to  the  wing  cover  surface  Is  maintained  by  program- 
ming. A residual  force  of  91  kg  (200  lb)  Is  maintained  at  the  noseplece  to  clamp  the 
cover  to  the  substructure.  The  mlnlmum-to-maxlmum  diameter  differences  are  within 
0.05  mm  (0.002  In.).  The  overall  system  falls  within  a true-position  hole  tolerance  of 
+0.4  mm  (+0.016  In.).  A typical  cycle  to  drill  one  hole  is  as  follows: 

Operation  Time,  seconds 


Advance 

drill  to  structure 

2.0 

Drill  and  countersink  hole 

5.0 

Retract 

drill  assembly 

2.0 

Advance 

to  next  hole 

2.5 

Total  11.5 

The  drilling  operation  Is  followed  by  manual  riveting  of  the  wing  covers  to  the  sub- 
structure. The  accuracy  and  time-saving  aspects  of  the  scanning  operation  and  the 
rapidity  of  the  drilling  cycle  enabled  us  to  transfer  the  Five-Axis  Automated  Assembly 
Fixture  from  the  laboratory  to  production.  An  additional  bonus,  which  should  not  be  over- 
looked In  any  comprehensive  economic  analysis.  Is  the  repeatable  reliability  of  the  holes 


Fig.  8 Five  Axes  of  NIotion  of  Automated  Assembly  Fixture 
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Fig.  9 Operation  of  Scanning  Camera 
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produced  by  this  system  that  precludes  or  effectively  minimizes  extensive  Inspection  and 
repairs . 


PRODUCTION  IMPLEMENTATION  - A-6E  and  A-10 


The  Five-Axis  Automated  Assembly  Fixture  was  Implemented  In  production  on  the 
Grumman  A-6E  program.  The  A-6e  (Fig.  10)  Is  a two-seat,  all-weather  attack  aircraft 
being  manufactured  for  the  U.3.  Navy  and  the  Marine  Corps  at  a rate  of  one  and  one  half 
aircraft  per  month;  the  peak  production  rate  was  eight  aircraft  per  month.  Over  40 
outer-wing  assemblies  (Fig.  11)  have  been  produced  by  the  Five-Axis  Automated  Assembly 
Fixture.  This  structure  consists  of  five  beams,  eight  ribs,  and  two  covers  ranging  In 
thickness  from  3-2  mm  (0.125  In.)  to  11.1  inm  (0.^38  In.).  About  2000  holes,  ranging  In 
diameter  from  3-2  mm  (0.125  In.)  to  6.4  (0.250  In.),  are  drilled  In  this  structure. 

Prior  to  Introduction  of  the  automated  equipment,  the  average  production  time  to  set  up 
the  hole  templates  manually,  locate  the  hole  positions,  and  drill  an  A-6E  wing  cover  was 
65  hours  at  Aircraft  No.  600.  The  Five-Axis  Automated  Assembly  Fixture  performed  the 
same  task  In  about  25  hours  during  the  first  demonstration  run.  As  shown  In  Pig.  12, 
about  half  of  the  time  was  required  to  scan  and  drill;  the  remainder  was  used  In  set-up 
operations  such  as  camera  re-use,  drill  unit  Installation  and  drlll/countersink  changes. 
This  results  In  a reduction  of  up  to  60%  In  production  labor  for  the  drilling  operation 
at  aircraft  production  unit  No.  600. 


The  Five-Axis  Automated  Assembly  Fixture  Is  currently  being  evaluated  on  the  Fair- 
child  A-10  close-support  aircraft  (Fig.  13)  which  became  operational  this  year  with  the 
U.S.  Air  Force.  Production  rates  of  15  aircraft  per  month  are  anticipated.  In  a Joint 
Grumman-Falrchlld  development  program  sponsored  by  the  Air  Force  Materials  Laboratory, 
aimed  at  demonstrating  additional  production  cost  savings  via  innovative  manufacturing 
technology,  the  applicability  of  the  Five-Axis  Automated  Assembly  Fixture  to  the  A-10 
horizontal  stabilizer  Is  being  studied.  This  20-foot-long  aluminum  structure,  consisting 
of  upper  and  lower  covers  and  a substructure  with  3 spars  and  17  ribs  (Fig.  14),  requires 
the  drilling  of  3750  holes  having  diameters  ranging  from  4 . 4 mm  (0.172  In.)  to  6.4  mm 
(O.250  In. ). 


The  manual  procedure  for  drilling  the  A-10  horizontal  stabilizer  Involves  drilling 
pilot  holes  In  the  rib  flanges  prior  to  assembly  of  the  flanges  In  the  box  substructure. 
After  the  box  substructure  has  been  installed  In  the  assembly  fixture,  one  cover  Is 
placed  against  the  substructure  so  that  pilot  holes  can  be  drilled  In  the  cover  from  the 
rear  through  the  previously  drilled  pilot  holes  in  the  rib  flanges.  Full-size  holes  and 
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Fig.  13  Fairchild  A-10  Close-Support  Aircraft 


Fig.  14  A-10  Horizontal  Stabilizer 


countersinks  are  then  drilled  from  the  front  of  the  cover  using  the  pilot  holes  as 
guides.  When  one  cover  has  been  drilled,  It  Is  removed  from  the  assembly  fixture  so 
that  the  other  cover  can  be  similarly  drilled.  Substantial  cost  savings  are  anticipated 
by  using  the  Five-Axis  Automated  Assembly  Fixture  to  drill  and  countersink  the  A-10 
horizontal  stabilizer  In  a manner  similar  to  that  for  the  A-6E  wing  structure.  If  the 
projected  cost  savings  are.  In  fact,  realized  when  this  Air  Force-sponsored  program  Is 
soon  completed,  the  Five-Axis  Automated  Assembly  Fixture  will  be  Implemented  In  produc- 
tion to  drill  and  countersink  the  A-10  horizontal  stabilizer,  with  subsequent  extension 
to  wing  boxes  and  other  areas  of  the  aircraft. 

IMPACT  ON  HIGH-MATERIAL-COST  STRUCTURES 

Another  projected  application  for  the  Five-Axis  Automated  Assembly  Fixture  was  the 
production  program  for  the  hybrid  boron-graphlte/epoxy  B-1  horizontal  stabilizer 
(Pig.  15).  This  swlng-wlng.  Intercontinental  bomber  (Fig.  16)  is  capable  of  flying  at 
speeds  up  to  Mach  1.6  at  high  altitudes  and  at  near-supersonic  speed  at  low  altitudes. 
The  implementation  of  advanced  composites  In  this  structure  resulted  In  weight  savings 
of  21)3  kg  (535  lb)  per  aircraft  (16.2J)  and  the  elimination  of  10  000  fasteners  (1)1?) 
compared  to  the  baseline  metal  structure. 

The  drilling  parameters  for  the  cover-to-substructure  attachments  must  be  closely 
controlled  to  prevent  delamination.  Insuring  proper  hole  location  Is  also  difficult 
because  of  the  relatively  large  thickness  tolerance  of  advanced  composite  parts.  Since 
the  substructure  parts  cannot  be  precisely  located  In  the  assembly  fixture,  the  drilling 
operation  becomes  highly  labor-intensive.  About  2850  holes  per  cover  (80?  of  the  total 
number  of  holes)  are  drilled  and  countersunk  through  graphlte/epoxy  In  one  operation 
using  carbide  cutters  mounted  In  a Winslow  Spacematlc  Model  M-62  drilling  unit  equipped 
with  a vacuum  foot  (Pig.  17).  Hole  location  In  the  Interior  spar-to-cover  Joints  Is 
controlled  by  strip  templates  pinned  to  the  cover  through  the  pilot  holes  which  are 
drilled  from  the  Inside  using  a contoured  bushing  that  picks  up  the  corrugated  web. 

After  the  Interior  has  been  drilled,  additional  strip  templates  are  used  to  locate  the 
attachments  to  the  ribs  relative  to  the  flat  webs. 

The  Five-Axis  Automated  Assembly  Fixture  Is  directly  applicable  for  drilling  and 
countersinking  all  of  the  holes  In  the  graphlte/epoxy  regions  of  the  B-1  horizontal 
stabilizer  covers.  After  assembly  of  the  substructure,  the  exact  location  of  selected 
holes  would  be  marked  and  the  substructure  scanned  automatically  to  correct  the  computer 
program  for  variations  In  part  thickness  and  alignment.  The  cover  Is  then  placed  In 


Fig.  l6  B-1  Bomber 


position  and  the  holes  are  drilled  and  countersunk  In  one  operation,  as  described  pre- 
viously. Again,  use  of  the  Five-Axis  Automated  Assembly  Fixture  would  Improve  the  ac- 
curacy and  perpendicularity  of  fastener  placement,  and  would  also  Improve  hole  quality, 
ifhe  automated  fixture  would  also  be  adaptable  for  Installation  of  the  tip  cap  and 
leading/trailing  edges  to  the  completely  assembled  torque  box.  These  operations,  in- 
cluding fastener  Installation,  represent  18J  of  the  manufacturing  labor  cost  for 
the  entire  stabilizer  (Pig.  18).  Thus,  the  anticipated  savings  in  drilling  costs,  as 
verified  on  metal  structures,  are  about  8 to  10!f  of  the  total  stabilizer  cost,  which 
makes  the  advanced  composite  B-1  horizontal  stabilizer  even  more  cost-effective. 


Fig.  17  Winslow  Spacematlc  Drill  Unit 


NOTE:  OPERATIONS  INDICATED  BY  SHADED  AREAS  ARE  APPLICABLE 
TO  THE  FIVE  - AXIS  AUTOMATED  ASSEMBLY  FIXTURE 


Pig.  18  Manufacturing  Breakdown  for  Advanced  Composite  B-1  Horizontal  Stabilizer 


4-15 


APPLICABILITY,  EFFICIENCY  AND  RAPID  PAYBACK 

Until  the  advent  of  the  Five-Axis  Automated  Assembly  Fixture,  automation  of  the 
manufacturing  operations  for  such  aircraft  structures  as  the  A-6E  wing  and  A-10  and  B-1 
horizontal  stabilizers  was  not  possible.  The  Grumman-developed  system,  as  demonstrated 
under  U.S.  Air  Force  auspices,  can  be  applied  to  most  assembly  procedures  that  require 
multiple  manipulations  of  drilling  equipment  and  templates  to  locate  fasteners  precisely 
at  the  intersections  of  underlying  substructure  components  that  have  been  pre-assembled 
with  their  own  network  of  locating  tolerances. 

Assuming  a $100  000  base  cost  for  system  hardware  and  software  and  considering  our 
experience  in  this  area,  it  is  estimated  that  the  breakeven  cost  for  implementing  an 
automated  drilling  system  would  occur  at  about  250  000  holes  (Fig.  19).  Automated 
scanning  and  drilling  operations  would  have  the  following  advantages: 

• 50  to  60J  reduction  in  production  labor 

• Improved  hole  quality  due  to  better  tool  platform 

• Elimination  of  costly  templates 

• Predictable  and  consistent  flow  rates 

• No  cost  penalty  due  to  Inexperience  (learning  curve  effect) 

• Less  dependence  on  operator  skill 


I 
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Fig.  19  Breakeven  Point  for  Automated  Drilling 


The  Five-Axis  Automated  Assembly  Fixture,  therefore,  offers  such  attractive  features 
as  low  capital  Investment,  rapid  payback,  and  repeatable  and  precisely  drilled  struc-  j 

tures.  This  system  is  truly  representative  of  those  emerging  efforts  in  the  aerospace  j 

community  that  offer  significant  opportunities  for  lower  cost  and  higher  quality  ■ 

components. 


J 
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SUMMARY 

The  corrosion  resistant  properties  of  metallic  aluminum  are  well  documented.  However,  commercial  processes  for  the  application  of 
aluminum  coatings,  such  as  electroplating,  spray  metallizing,  hot  dipping,  cladding,  and  others  have  severe  limitations.  Production  equip- 
ment has  recently  been  developed  for  plating  with  aluminum  by  ion  vapor  deposition  (IVD)  without  incurring  many  of  the  problems 
associated  with  these  commercial  processes.  The  coating  is  called  Ivadize  TM  and  provides  outstanding  corrosion  protection.  In  addition, 
the  coating  can  be  used  at  temperatures  up  to  925°F  (496°C);  and  the  process  does  not  cause  hydrogen  embrittlement.  The  coating 
and  the  coating  process  are  non  toxic  and  do  not  contribute  to  the  pollution  of  our  environment. 

Because  of  its  performance  advantages,  ion  vapor  deposited  aluminum  can  be  used  in  a wide  range  of  applications,  and  is  particularly 
effective  as  a replacement  for  cadmium  coatings. 

INTRODUCTION 

The  aircraft  industry,  like  most  industries,  is  confronted  with  the  challenge  of  protecting  products  from  corrosion  and  its  delete- 
rious effects.  We  must  meet  this  challenge  in  the  face  of  increasingly  stringent  demands  for  improved  product  life  and  performance. 
Therefore,  new  materials  and  coating  systems  for  protection  against  corrosion  are  continuously  being  sought. 

Cadmium  electroplating  has  been  the  favored  method  for  protecting  steel  on  aircraft  structure  for  many  years.  Obvious  problems  with 
its  use  were  minimal  prior  to  the  use  of  high  strength  steel  and  aluminum  alloys.  Cadmium  electroplating  on  high  strength  steel  often 
caused  hydrogen  embrittlement,  and  cadmium  plated  fasteners  installed  in  high  strength  aluminum  alloys  helped  promote  exfoliation 
corrosion  in  the  countersinks.  More  recently  it  has  received  further  disfavor  because  it  was  found  to  cause  solid  metal  embrittlement  of 
titanium  structure  and  because  of  its  toxicity  and  harmful  effects  on  the  environment. 

However,  it  was  mainly  for  the  first  two  reasons  that  McDonnell  Aircraft  Company  (a  division  of  McDonnell  Douglas  Corporation) 
started  looking  for  a viable  alternate  for  cadmium  in  the  early  I960’s.  After  extensive  paper  studies,  aluminum  coatings  were  selected 
as  the  best  substitute.  Being  the  least  dissimilar  to  aluminum  alloy  structure,  it  is  ideally  tc  rpatible.  Furthermore,  aluminum  is  anodic 
to  steel  and  provides  galvanic  protection  as  does  cadmium. 

It  was  quickly  found  that  available  processes  for  applying  aluminum  coatings  such  as  metal  spraying,  electroplating,  cladding,  hot 
dipping  and  others  had  severe  limitations  such  as  thickness  control,  adhesion,  size  and  shape  of  product  that  could  be  coated,  and  effect 
on  substrate  properties. 

During  this  same  period  we  had  selected  vacuum  deposited  cadmium  as  the  coating  for  solving  the  problem  of  hydrogen  embrittle- 
ment of  high  strength  steel.  Our  production  experience  with  the  vacuum  coating  process  was  very  favorable.  For  this  reason  we  started 
looking  at  vacuum  coating  processes  for  aluminum.  This  included  physical  vapor  deposition,  ion  vapor  deposition,  and  chemical  vapor 
deposition.  Ion  vapor  deposition  provided  the  best  adhesion  and  most  uniform  coating  thickness  and  with  other  considerations  was 
selected  for  further  development. 

In  the  late  1 960’s  the  United  States  Air  Force  and  Navy  sponsored  in-service  testing  of  several  coatings  on  fasteners  installed  in 
operational  aircraft.  (Reference  1)  These  tests  showed  that  aluminum  coatings  provided  the  best  protection  against  corrosion.  These 
results  along  with  numerous  laboratory  tests  confirmed  the  performance  advantages  of  ion  vapor  deposited  aluminum. 

The  production  feasibility  of  the  process  was  demonstrated  with  a full  scale  coating  system  fabricated  and  delivered  to  the  Naval 
Air  Rework  Facility,  San  Diego,  in  1974.  Since  then  a military  specification  has  been  issued  and  coating  equipment  fabricated  for  the 
U.S.  Air  Force.  Additional  coating  systems  for  both  fasteners  and  larger  structural  components  have  been  fabricated  and  ion  vapor 
deposited  aluminum  is  being  used  on  several  production  aerospace  programs. 

DESCRIPTION  OF  THE  EQUIPMENT  AND  PROCESS 

The  basic  equipment  required  for  ion  vapor  deposition,  called  Ivadizer™  at  McDonnell,  is  a steel  chamber,  a pumping  system,  an 
evaporation  source,  and  a high  voltage  power  supply.  A schematic  of  a typical  Ivadizer  is  shown  in  Figure  1 . 

The  process  sequence  consists  of  pumping  the  system  down  to  about  10“^  Torr.  The  chamber  is  then  backfilled  with  an  inert  gas  to 
about  10  microns  and  a high  negative  potential  applied  between  the  parts  being  coated  and  the  evaporation  source.  The  gas  becomes 
ionized  and  creates  a glow  discharge  around  the  parts  to  be  coated.  The  positively  charged  gas  ions  bombard  the  surface  of  the  parts  and 
perform  final  cleaning.  The  clean  surfaces  resulting  are  essential  for  good  coating  adhesion. 

Following  glow  discharge  cleaning,  commercially  available  aluminum  wire  (1100  alloy)  is  evaporated  by  continuously  feeding  into 
resistance  heated  crucibles.  As  the  aluminum  vapor  passes  through  the  glow  discharge,  a portion  of  it  becomes  ionized.  This,  in  addition 
to  bombardment  by  the  inert  gas  ions,  accelerates  the  aluminum  vapor  toward  the  part  surface.  This  results  in  denser  coatings  and  also 
improves  the  coating  adhesion.  The  ionization  also  provides  better  throwing  power  and  allows  complex  shapes  to  be  more  uniformly 
plated.  A typical  plating  cycle  requires  about  45  minutes. 

After  coating,  parts  are  generally  chromate  treated  in  accordance  with  MIL-C-5S41  (Reference  2).  This  provides  additional  protection 
against  corrosion.  It  also  forms  a good  base  for  paint  adhesion  and  is  a common  treatment  for  aluminum  surfaces. 

COATING  PERFORMANCE 


Ion  vapor  deposited  aluminum  is  a soft,  ductile  coating  and  has  properties  nearly  identical  to  pure  aluminum.  We  use  three  classes  and 
two  types  of  coatinp.  The  classes  reflect  coating  thickness  and  the  types  are  I.  as  coated,  and  II.  as  coated  with  a supplementary  chromate 
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treatment.  Type  II  is  generally  used  for  reasons  previously  mentioned.  The  corrosion  resistance  requirement  for  type  II  coatings  is  shown 
in  Table  I for  the  various  class  coatings. 
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SCHEMATIC  OF  AN  ION  VAPOR  DEPOSITION  SYSTEM 


TABLE  1 

MINIMUM  CORROSION  RESISTANCE 
REQUIREMENTS  PER  MIL-C-83488  (REFERENCE  3) 


MINIMUM  THICKNESS 

CORROSION  RESISTANCE 

(IN.) 

(MICRONS) 

(HR) 

1 

0.0010 

25 

672 

2 

0.0005 

13 

504 

3 

0.0003 

B 

336 

Class  I coatings  are  used  for  high  temperature  and  exterior  applications  where  severe  corrosion  environments  are  encountered.  Class 
2 is  recommended  for  interior  parts  where  less  severe  environments  are  encountered,  and  Class  3 is  used  only  when  close  tolerances  are 
required  such  as  fine  threaded  parts. 

Corrosion  testing  of  bright,  electroplated  cadmium  on  steel  panels  along  with  IVD  aluminum  of  comparable  thickness  in  S'3  salt 
spray  per  ASTM  Method  B-l  1 7 will  generally  show  cadmium  to  be  better.  However,  if  a scratch  is  made  through  the  coatinp  to  the 
substrates,  the  cadmium  will  generally  sacrifice  itself  more  quickly  and  allow  red  rust  to  lorm  before  the  IVD  aluminum. 

Results  obtained  in  laboratory  tests  when  cadmium  and  IVD  aluminum  coated  steel  fasteners  were  installed  in  707S-Tb  aluminum 
alloy  and  exposed  to  SOi  - salt  spray  for  1 68  hours  are  shown  in  Figure  2.  The  cadmium  plated  fastener  heads  are  more  severely  rusted. 
More  important  is  the  condition  of  the  countersinks  in  the  aluminum.  The  IVD  aluminum  has  provided  protection  to  the  countersinks 
while  the  cadmium  coated  fasteners  appear  to  have  promoted  corrosion  of  the  countersinks. 

There  are  also  advantages  for  IVD  coating  titanium  fasteners  installed  in  aluminum  structure.  A comparison  was  made  between  IVD 
aluminum  coated  titanium  fasteners  installed  dry,  and  bare  titanium  fasteners  installed  with  wet  epoxy  primer.  The  latter  is  a standard 
procedure  used  on  aircraft.  These  fasteners  were  installed  in  7075-T6  aluminum  alloy  that  had  been  MIL-C-5541  treated.  After  fastener 
installation  the  panel  was  sprayed  with  one  coat  of  MIL-C-23377  primer  and  exposed  lo  SOs-salt  spray  for  28  days.  Visual  examination 
showed  that  the  blistering  of  primer  around  the  peripheries  of  the  fasteners  installed  with  wet  primer  was  more  severe  than  around  the 
IVD  aluminum  coated  lasteners.  Examination  of  the  countersinks  after  fastener  removal  also  showed  less  corrosion  resulted  where  IVD 
coated  fasteners  were  installed  ( Figure  3 1.  Studies  at  McDonnell  have  also  shown  a cost  advantage  of  using  IVD  aluminum  coated  fas- 
teners in  lieu  of  wet  installation. 

Coating  adhesion  and  thickness  uniformity  are  comparable  to  electroplating.  The  adhesion  requirements  are  the  same  as  those  specified 
in  Reference  4 for  cadmium  electroplating.  An  example  of  the  coating  uniformity  on  a fastener  is  illustrated  in  Figure  4. 
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FIGURE  2 

IVD  ALUMINUM  AND  CADMIUM  COATED  STEEL  FASTENERS 
INSTALLED  IN  7075-T6  ALUMINUM  ALLOY  AND  EXPOSED 
TO  168  HOURS  OF  SO2  - SALT  SPRAY 


IVD  Aluminum  Coated 
Fastener 


Bare  Titanium  Fastener 
Wet  Installed 


FIGURE  3 

CORROSION  TESTS  OF  IVD  COATED  AND  WET  INSTALLED  TITANIUM  FASTENERS 
IN  7075-T6  ALUMINUM  ALLOY  COUNTERSINKS 


A lot  of  fastener  qualirication  data  has  been  generated  on  the  use  of  IVD  aluminum  (Reference  5).  A summary  of  the  tests  performed 
is  listed  in  Table  2.  This  data  is  too  voluminous  to  present  here,  however  the  conclusions  can  be  summarized  as  follows: 

1 . The  aluminum  coating  does  not  produce  any  detrimental  effects  on  mechanical  properties. 

2.  The  coefficient  of  friction  of  aluminum  is  higher  than  cadmium,  therefore,  higher  installation  forces  are  required.  These  higher 
values,  however,  are  within  the  working  ranges  presently  used  for  cadmium  in  most  cases.  Interference  fit  fasteners  may  require 
closer  attention  to  the  type  of  lubricants  used. 

Ion  vapor  deposited  aluminum  has  alto  been  evaluated  on  gas  turbine  components.  (Reference  6).  In  the  low  temperature  sections, 
less  than  SSO^F  (454°C),  it  is  being  considered  as  a replacement  for  diffused  nickel  cadmium  and  aluminum  pigmented  paints. 

It  has  also  been  evaluated  in  the  hotter  sections.  There  it  also  shows  promise  as  a replacement  for  pack  cementation.  In  this  case  the 
aluminum  is  applied  to  the  nickel  base  alloy  components  by  ion  vapor  deposition  and  then  diffused  to  form  the  nickel  aluminide  coating. 
This  approach  results  in  a more  uniform  coating  and  does  not  require  the  use  of  noxious  chemicals.  Only  preliminary  testing  has  been 
completed  in  the  hotter  sections. 
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TABLE  2 

FASTENER  QUALIFICATION  TESTS 


Mechanical 

Installation 

Tensile  Strength 

Torque  Tension 

Double  Shear 

Locking  Torque 

Tension  Fatigue 

Reuseability 

Stress  Durability 

Interference  Fit 

Stress  Rupture 

Another  potential  application  exists  for  IVD  aluminum  on  titanium  components  in  gas  turbine  engines.  Tests  have  shown  that  the 
Ivadize  coating  significantly  improved  the  resistance  of  Ti-8-l-l  alloy  to  ignition  (Reference  7). 

Test  specimens  after  laser  impingement  are  shown  in  Figure  5. 

PRODUCTION  STATUS 

The  first  production  size  coater  was  sponsored  by  the  Naval  Air  System  Command  and  delivered  to  the  Naval  Air  Rework  Facility 
at  North  Island,  San  Diego,  in  April  1974.  During  this  contract  period,  a number  of  our  aircraft  parts,  both  steel  and  aluminum  compo- 
nents, were  plated  and  evaluated.  Coating  uniformity,  adhesion  and  corrosion  performance  were  all  very  satisfactory.  This  unit  is 
4 feet  in  diameter  and  8 feet  long  and  is  shown  in  Figure  6. 

At  about  this  same  time  a new  approach  was  conceived  for  coating  small  parts  on  a more  economical  basis.  The  technique  is  similar 
to  barrel  electroplating  in  that  parts  are  placed  in  rotating  barrels  over  the  aluminum  evaporation  source.  Following  conceptual  veri- 
fication in  the  laboratory,  a 4 foot  diameter  by  6 foot  long  system  was  designed  and  fabricated.  The  unit  has  been  used  to  demonstrate 
the  process  and  as  a test  bed  for  design  development.  The  system  has  evolved  from  one  to  two  barrels  per  unit,  doubling  the  output. 
Production  capacity  was  increased  further  by  placing  vacuum  locks  on  the  feed  and  discharge  ends  of  the  system  (Figure  7).  This  allows 
fasteners  to  be  loaded  and  unloaded  without  breaking  the  vacuum  and  reduces  the  total  coating  cycle  by  about  50  percent.  A similar 
unit  installed  this  year  at  a fastener  manufacturer.  The  Voi-Shan  Corporation,  is  also  shown  in  Figure  6. 

F.arly  in  1976  a large  detail  parts  coater  7 feet  in  diameter  and  1 2 feet  long  was  installed  in  our  manufacturing  facility.  (Figure  6) 
Approval  had  been  obtained  from  the  Air  Force  to  use  ion  vapor  deposited  aluminum  coatings  on  the  F-1 5 Fagle.  Fatigue  improvement 
and  economics  were  the  motivating  reasons.  Sulfuric  acid  anodize  coatings  were  replaced  on  fatigue  critical  aluminum  wing  skins.  This 
resulted  in  a fatigue  improvement  without  a design  configuration  change.  It  also  eliminated  a shot  peening  operation,  resulting  in  a cost 
savings.  In  addition,  IVD  coated  low  alloy  steel  was  used  to  replace  higher  cost  stainless  steel  components. 

IVD  aluminum  is  presently  being  used  on  the  F-4  Aircraft  and  is  required  for  use  on  the  Harrier  and  the  F-18  Hornet.  It  will  be  the 


MCAIR  PRODUCED  .COATER  FOR 
NAVAl^AIR  REWORK  FACILITY 


Naval  Air  Rework  Coater 


Barrel  Coater 


McDonnell  Production  Coater 


Air  Force  Coater 


FIGURE  6 

PRODUCTION  COATERS 


A unit  has  also  been  fabricated  under  contract  with  the  Air  Force  Materials  Laboratory,  Manufacturing  Technology  Division.  This 
unit  was  used  to  develop  optimum  parameters  and  Tixturing  for  coating  both  aircraft  and  engine  parts.  It  will  be  utilized  mainly  as  a 
replacement  for  vacuum  deposited  cadmium  on  high  strength  steel  parts.  This  unit  is  6 feet  in  diameter  and  10  feet  long  (Figure  6) 
and  was  delivered  to  Hill  Air  Force  Base  in  March  1978. 

Photographs  of  a few  of  the  aircraft  and  engine  parts  that  have  been  coated  at  McDonnell  are  shown  in  Figure  8.  There  is  also  a lot 
of  interest  in  aluminum  coatings  outside  the  aircraft  industry.  A few  examples  include  computer  discs,  consumer  hardware,  automotive 
parts,  space  systems,  electrical  components,  appliances,  etc.  Examples  of  sample  parts  coated  for  evaluation  are  shown  in  Figure  9. 
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FIGURE  7 

SCHEMATIC  OF  BARREL  COATER 
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FIGURE  8 

IVD  ALUMINUM  COATED  AIRCRAFT  AND  ENGINE  PARTS 
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CONCLUSIONS 

Equipment  has  been  developed  and  is  commercially  available  for  ion  vapor  deposition  of  aluminum.  The  coating,  after  undergoing 
extensive  laboratory  and  in-service  testing  on  aircraft,  has  been  veriTied  as  an  environmentally  clean,  high  performance  corrosion  pro- 
tection finish.  Specific  advantages  include: 

(a)  It  outperforms  cadmium  and  other  coatings  in  actual  service  tests. 

(b)  It  has  a useful  temperature  to  925°F  (496°C). 

(c)  It  can  protect  steels  of  all  strength  levels  because  there  is  no  hydrogen  embrittlement. 

(d)  It  does  not  cause  solid  metal  embrittlement  of  titanium. 

(e)  It  can  be  used  in  contact  with  fuel. 

(f)  It  provides  galvanic  protection  to  aluminum  alloys  and  does  not  cause  fatigue  reduction. 

(g)  It  can  be  applied  thinner  than  alclad  on  aluminum  alloys  resulting  in  weight  savings  and  is  not  limited  to  rolled  forms. 

(h)  Neither  the  process  nor  the  coating  involve  toxic  materials,  therefore,  there  is  no  clean-up  or  ecology  problems. 

With  these  advantages,  ion  vapor  deposited  aluminum  provides  an  effective  means  for  meeting  many  of  today’s  challenges  in  the 
fight  against  corrosion. 
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SUMMARY 

To  evaluate  their  use  as  alternatives  to  cadmium  on  bolts  the  properties  of  various  coatings  are 
examined.  Judged  by  marine  atmosphere  exposure  the  corrosion  resistance  of  the  coated  bolts  varies  from 
excellent  (cadmium  and  zinc  plate)  to  negligible;  their  galvanic  compatibility  with  aluminium  alloy 
shows  similar  variations.  The  results  of  laboratory  tests  to  evaluate  these  corrosion  characteristics 
conflict  with  the  marine  atmosphere  tests.  Ilie  measurement  of  the  currents  generated  and  wei^t  losses 
which  occur  in  galvanic  cells  between  the  bolts  and  aluminium  alloy  electrodes  is  shown  to  be  a useful 
and  very  rapid  screening  test  for  galvanic  compatibility.  The  uniformity  of  the  coatings  is  established 
metallographically  and  various  properties  of  the  coatings  examined  include  fluid  resistance,  paint 
adhesion  properties,  electrical  conductivity  and  resistance  to  thermal  shock.  The  effect  of  the  coatings 
on  the  fatigue  properties  and  torque-tension  characteristics  of  the  bolts  are  also  assessed. 


1 INTRODUCTION 

Cadmium  plated  steel  and  titanium  alloy  bolts  have  been  used  in  aircraft  structures  for  many  years. 
The  plating  oathodioally  protects  the  steel  bolts  and  prevents  galvanic  corrosion  at  contacts  with 
aluminium  alloys.  Zinc  is  the  more  widely  used  sacrificial  coating  for  steel  but  cadmium  has  been 
preferred  in  aircraft  structures  for  various  reasons.  Thus,  cadmium  is  more  galvanically  compatible  with 
aluminium  alloys,  cadmium  plated  bolts  exhibit  lower  frictional  properties  and  they  are  far  less  prone  to 
seizure  due  to  the  wedging  action  of  corrosion  products.  However,  cadmium  suffers  two  major  draw-backs: 
it  is  toxic,  the  body  accumulating  the  metal  from  very  low  dose  rates  1;  and  cadmium  can  embrittle  hi^ 
strength  steels^  and  titanium  alloys3.  Several  alternatives  to  cadmium  have  been  championed  in  the  past 
few  years  and  at  RAE  a representative  selection  (see  Table  l)  is  being  examined,  using  100°  oountersinik, 
parallel  shank,  6.35  ™i  diameter  bolts  produced  to  aircraft  standards.  The  factors  considered  are 
summarized  in  Table  2. 

2 CORROSION  TESTS 

The  corrosion  properties  of  the  coated  bolts  are  of  prime  importance,  and  much  of  the  present 
evaluation  is  concerned  with  the  corrosion  resistance  of  the  coatings  and  their  galvanic  compatibility 
with  aluminium  alloys.  As  in  other  corrosion  testing  and  evaluation  programmes  at  RAE  both  laboratory 
and  natural  environment  tests  are  being  used.  The  advantage  of  laboratory  tests  is  that  the  conditions 
used  can  be  reproduced  precisely  and  the  tests  usually  accelerate  the  ccrrosion  processes  being  considered; 
but  their  relevance  must  be  established  by  parallel  natiu'al  environmental  tests.  For  aircraft  structures 
it  is  generally  accepted  that  the  most  oorrosivp  atmospheric  environment  is  the  marine  one,  and  such  an 
environment  is  employed  in  the  current  evaluation. 

TABLE  1 BOLT  COATINGS  EXAMINED 


ON  STEEL  BOLTS 


ON  TITANIUM  ALLOY  BOLTS 


Cadmium  electroplate 
Zinc  electroplate 
Aluminium  coated 
Coating  A 
Coating  B 
Coating  P 


Cadmium  electroplate 
Zinc  electroplate 
Aluminium  coated 
Coating  A 
Coating  B 
Coating  D 
Coating  E 

Anodized  + resin  bonded  MoS^ 


(Coatings  A,  B,  D,  E and  P are  all  non-metallio  matrices  containing 
aliuninium  particles  and  EU’e  referred  to  as  "composite  ooatings". ) 
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TABLE  2 ASPECTS  COHSIDERED  IN  THE  ASSESSMENT  OP  BOLT  COATINGS 

A Corrosion  Resistance 

Protection  of  steel  traits,  assessed  by: 

i exposure  to  neutral  salt  fog  for  6 weeks,  and 

ii  exposure  to  a marine  atmosphere  for  12  monthr 

(Bolts  assessed  as  received  and  after  simulated  use.) 

Compatibility  with  aluminium  alloy  (7075-T6  type)  based  on: 

i galvanic  current  measurements, 

ii  exposure  of  bolted  assemblies  to  laboratory  tests,  and 

iii  exposure  of  bolted  assemblies  to  a marine  atmosphere. 

B Properties  of  the  Coatings 

Thickness  and  imiformity 
Resistance  to  aircraft  fluids 
Electrical  conductivity 
Resistance  to  thermal  shook 
Paint  adhesion  properties 

C Effects  of  Coatings  on  Bolts 

Jb.tigue  properties  of  coated  bolts 
Torque-tension  relationships  of  coated  bolts 

2.1  The  Corrosion  Resistance  of  Coated  Steel  Bolts 

The  corrosion  resistance  of  the  100°  countersunk  head  bolts  is  assessed  in  both  a continuous 
neutral  salt  fog4  and  in  a marine  atmosphere  using  the  Central  Dockyard  Laboratory  Exposure  Trials  Station 
at  Eastney,  on  the  English  south  coast.  The  bolts  are  supported  in  Perspex  blocks  machined  with  oounter- 
simk  holes  (see  Pig  l),  the  holes  being  up  to  100  fim  greater  in  diameter  than  the  bolt  shanks  to  allow 
access  for  moisture  and  salt  solution.  Most  of  the  threaded  area  of  the  bolts  protrudes  throu^  the 
block  holes.  Tests  are  done  on  bolts  both  as  received  and  after  16  nut  runs  to  simulate  the  damage 
caused  by  normal  use. 

The  results,  judged  by  surface  appearance  and  the  time  to  rusting  of  the  steel  bolts,  are 
summrized  in  Table  3.  The  marine  atmosphere  tests  indicate  that  zinc  and  cadmium  plate'  are  equally 
protective,  that  coating  P and  aluninium  coated  bolts  are  partially  successful  in  preventing  rusting, 
and  that  coatings  A and  B perform  very  poorly.  The  salt  fog  tests  suggest  that  aluminium  coated  bolts 
are  far  more  corrosion  resistant  than  zinc  plated  bolts,  at  least  in  the  as-received  condition,  but  other- 
wise the  results  closely  parallel  those  of  marine  exposure.  Of  particular  interest  is  the  effect  of 
simulated  use  on  aluminium  coated  bolts:  corrosion  resistance  is  very  much  worse  in  both  the  marine  and 
laboratory  tests.  After  the  tests  on  coating  A had  been  concluded  it  was  found  (see  3.0  that  the 
coating  was  discontinuous.  A second  batch  of  bolts  was  obtained  and  their  corrosion  resistance  in  neutral 
salt  fog  is  as  good  as  that  of  cadmium,  but  results  so  far  from  marine  tests  indicate  that,  while  they 
are  better  than  the  initial  batch,  the  protection  afforded  to  steel  is  still  inferior  to  that  of  zinc, 
cadmium  and  aluminium,  and  only  as  good  as  that  of  coating  P. 

TIM  E unstn.TS  nF  corbosioii  tests  oil  STBS,  BOLTS 


• I 


Exposure  to 

a narine  atoospbere 

Exposure  to  continuous  neutral  salt  fog  NaCl) 

Tine  to  first  rust 

Condition  after  32  weeks  exposure 

Time  to  first  rust 

Condition  after  6 weeks  exposure 

Bar«  atecl 

2 weeks  (first  inspection) 

Totally  rusted 

3 days  (first  inspection) 

Totally  rusted.  Hedged  into  holes. 

Cadnium  pitted 

- 

No  rust.  Sotne  pitting  of  cadmitm 
on  the  bead  area  only. 

- 

No  rust.  Slignt  pitting  of  the 
cadmiisn. 

Zinc  plated 

- 

No  rust.  Surface  dull  with  some 
white  eorrosion  product. 

8 day* 

Most  of  head  area  rusted,  'niick 
white  eorrocion  product  elsewhere. 

ilwnlniun  coated 

1 aa  received 

9 weeks 

HeMl  rusted  in  centre.  Some  spots 
of  rust  on  threaded  area. 

No  rust.  Some  eorrosion  at  edges  of 
head  area,  othenase  aa  new. 

li  after  16  nut  rune 

4 weeks 

All  of  head  and  threaded  areas 
completely  rusted. 

3 days  (first  inspection) 

Edge  of  heads  rusted.  'Hireaded  areas 
completely  rusted. 

Coating  A 

1 initial  bateS 

2 weeks  (first  inspection) 

Except  for  one  or  two  areas  on  the 
shank,  cosipleteLy  rutted. 

5 days 

Completely  rusted.  Hedged  into  holes. 

11  second  batcli 

(la  alloy  blocks) 

(In  alloy  blocks) 

Rust  stains  on  head.  Exposed 
threaded  area  completely  rusted. 

No  rust.  Covered  in  white 
corrosion  product. 

Coating  8 

2 weeks  (first  inspection) 

Except  for  id>out  23^  of  shank  area, 
completely  rusted. 

21  day* 

Except  for  parts  of  thank  area, 
completely  rusted. 

Coatinc  P 

39  weeks 

Rust  stains  on  he^  and 
threaded  areas. 

21  day* 

One  or  two  spots  of  rust  on  head 
and  threaded  areas. 

2.2  Galvanic  Compatilailxty  of  Coated  Bolts  with  Aluminiiim  Alloy 
2.2.1  Galvanic  Current  Meastirement  s 
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A galvanic  current  is  generated  vdien  dissimilar  metals  immersed  in  an  electrolyte  are  electrically 
connected.  To  assess  the  oompatihility  of  the  various  holts  with  aluminium  alloy  a plastic  rig  is  used 
which  holds  a holt  and  a 7075-T6  aluminium  alloy  electrode  a fixed  distance  (about  40  mm)  apart  while  they 
are  immersed  in  acidified  (pH  3)  ^ HaCl  solution.  Electrical  connections  are  mde  throu^  the  rig  from 
hoth  the  holt  and  alloy  electrode  to  a zero  resistance  ammeter.  The  current  generated  is  continuously 
recorded  for  at  least  48h  and  the  wei^t  changes  of  hoth  holt  and  alloy  electrode  (after  chemical 
cleaning)  are  then  determined. 

The  results  of  the  galvanic  current  measurements  indicate  that  the  metallic  coatings  oathodically 
protect  the  aluminium  alloy  for  most  of  the  exposure  period  (see  Pig  2 and  3).  The  initial  periods  when 
the  alloy  is  the  cell  anode,  and  cadmium  or  aluminium  coated  holts  form  the  cathode,  is  prohahly  related 
to  the  chromate  passivation  treatment  normally  applied  to  those  coatings:  when  unchromated  aluminium 
coated  holts  are  used  this  initial  period  is  not  observed  (see  Pig  3).  With  some  of  the  zinc  plated  holts 
the  coating  is  completely  consumed  in  less  than  48  hours  causing  a dramatic  change  in  polarity  of  the 
galvanic  cell,  and  the  holt  becomes  a far  more  efficient  cathode  than  a hare  steel  or  titanium  alloy  holt. 
A similar  change  of  polarity  occurs  with  cadmium  plated  holts  hut  after  several  days;  with  aluminium 
coated  holts  no  change  of  polarity  occurs  in  14  days.  All  hut  cne  of  the  composite  coatings  are  slightly 
cathodic  to  the  aluminium  alloy  suggesting  that  the  coatings  act  as  harrier  films  with  hi^  electrical 
resistivity.  The  exception  is  coating  A which  on  steel  is  a more  efficient  cathode  than  is  hare  steel 
and  on  titanium  alloy  gives  rather  erratic  results.  Hi®  behaviour  is  prohahly  due  to  some  extent  to  the 
discontinuous  nature  of  the  coating;  it  is  possible  that  the  uncoated  steel  areas  are  oathodically 
protected  by  the  aluminium  alloy,  and  that  the  adjacent  coating  in  some  way  acts  as  a -athode  depolarizer. 
Hie  second  hatch  of  holts  with  coating  A show  no  change  in  behaviour  in  the  galvanic  cut  rent  neasure- 
t ments  in  the  case  of  titanium  alloy  holts,  hut  behave  quite  differently  on  steel  (see  Fig  2);  the  latter 

result  suggests  that  the  discontinuous  nature  of  the  coating  on  the  initial  hatch  of  h^lts  prejudiced  the 
coating’s  performanoe.  The  resin-honded  HoSg  coating  on  anodized  titanium  alloy  1 ’ts  acts  as  an 
electrical  insulator,  slightly  reducing  the  mgnitude  of  the  galvanic  current  oomp.^  d with  unooated  holts 
(see  Pig  3). 

TABLE  4 WEIGHT  LOSSES  OP  BOLTS  AKD  ALUMINIUM 
ALLOY  ELECTRODES  USED  FOR  GALVANIC  CURRENT  MEASURIStENTS 


Coating 


(initial  hatch)  Titaniiim 


Bolt  material 


Steel 

Titanium 


Steel 

Titanium 


Steel 

Titanium 


Steel 

Titaniiun 


Weight  loss  in  mg/day  (average  v - 

Bolt 

Alloy  coupled  to  holt 

Alloy  coupled  less  , . 
wt  loss  of  alloy  alone'  ' 

Coating  D 


Coating  E 


Coating  P 


Resin  bonded 
MoS„ 


Steel 

Titanium 


Steel 
Ti tanium 


Titanium 


Titanium 


Steel 


Anodized 

titanium 


a.  Aluminium  alloy  electrodes  exposed  to  556  NaCl  solution  at  pH  3 suffered  weight  losses 
of  4.1  m^day  on  average.  A positive  value  in  this  column  indicates  a greater  rate  of 
wei^t  loss,  a negative  value  represents  a reduced  rate. 

h.  In  galvanic  cells  between  zinc  plated  holts  and  alloy  electrodes  when  sudden  reversals 
of  polarity  occurred  the  larger  weight  losses  were  suffered  hy  the  alloy.  Values  in 
parentheses  correspond  to  cases  where  this  polarity  reversal  did  not  occur. 
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The  wei^t  lossee  of  fcolts  and  aluminium  alloy  electrodes  used  in  the  galvanic  cells  (see  Table  4) 
are  broadly  in  line  with  the  galvanic  currents  generated:  when  the  bolt  forms  the  cell  anode  and 
oathodioally  protects  the  alloy  a relatively  large  weight  loss  is  suffered  by  the  bolt  while  the  alloy 
loses  less  weight  than  it  does  when  immersed  alone  in  the  electrolyte;  when  the  bolt  forms  the  cathode 
it  is  protected  while  the  alloy  loses  more  weight  than  it  does  alone.  It  is  interesting  to  compare  the 
average  rates  of  wei^t  loss  of  the  sacrificial  metal  coatings  with  the  theoretical  wei^t  losses 
calculated  from  the  galvanic  currents  observed.  The  actual  wei^t  losses  are  about  3.5  mg/day  for 
aluminium,  about  21  mg/day  for  cadmium  and  about  30  rag/day  for  zinc.  The  corresponding  calculated  values 
are  about  O.7  mg/day  for  aluminiiun  and  about  6 rag/day  for  both  cadmium  and  zinc,  suggesting  that  all  three 
coatings  are  corroding  more  rapidly  because  of  corrosion  processes  concerned  with  the  protection  of  the 
bolt  itself  than  with  cathodic  protection  of  the  alloy  electrode.  There  are  anomalies  in  the  wei^t  losses 
of  alloy  electrodes  connected  to  bolts  with  coatings  B,  D,  E and  P;  even  though  all  cause  similar 
galvanic  current  flows  with  the  alloy  electrode  apparently  forming  the  anode,  alloy  electrodes  connected 
to  some  bolts  with  coatings  B,  E and  F enjoy  a degree  of  cathodic  protection,  while  the  expected  result 
is  obtained  with  coating  D and  steel  bolts  with  coating  B.  This  is  being  investigated  further. 

These  galvanic  current  and  weight  loss  exp-jriments  serve  to  illustrate  an  inherent  danger  in  relying 
solely  on  sacrificial  metal  coatings  on  steel  and  titanium  bolts.  If  a galvanic  cell  is  set  up  between 
the  alloy  of  an  aircraft  structure  and  a bolt  coating  it  is  possible  that  the  eventual  consumption  of  the 
coating  will  leave  a very  efficient  cathode,  and  further  galvanic  corrosion  will  lead  to  very  rapid  attack 
of  the  alloy.  This  could  occur  at  any  time  in  the  life  of  an  aircraft  so  that  an  apparently  sound 
bolt/alloy  interface  could  rapidly  deteriorate  between  routine  inspections. 

2.2.2  Corrosion  Tests  on  Bolted  Assemblies 

Corrosion  tests  are  performed  on  assemblies  of  the  various  coated  bolts  fastened  into  anodized 
aluminiiun  alloy  (7075-T6  type)  blocks,  using  holes  up  to  100  pm  larger  in  diameter  than  the  bolts 
(see  Pig  5).  To  avoid  any  other  galvanic  couple  anodized  7075-T73  alloy  nuts  are  used  to  tension  the 
bolts.  Pour  conditions  of  assembly  are  used:  assembled  wet  with  a chronated,  non-setting  jointing 
compound  and  painted  overall  with  a chromated  epoxy  polyamide  paint  primer  to  simulate  normal  aircraft 
practice;  assembled  wet  but  unpainted;  assembled  dry  and  painted;  assembled  dry  and  impainted.  Two 
test  environments  are  used:  exposure  for  up  to  104  weeks  to  a marine  atmosphere,  and  exposure  to  the  dry 
salt  humidity  testS.  The  latter  test  procedure  has  been  used  previously  to  simulate  tropical  marine 
conditions,  and  involves  exposing  the  assemblies,  bolt  head  upwards,  covered  with  sea  salt,  to  a cycle  of 
6h  at  up  to  95)^  relative  hiunidity  followed  by  6h  when  the  relative  humidity  is  reduced  to  20)t,  all  at  35°C. 
In  this  way  the  assemblies  are  alternately  covered  by  a saturated  sea  salt  solution  and  by  dry  sea  salt. 

None  of  the  painted  blocks  show  significant  corrosion  in  any  of  the  tests,  only  the  isolated  case 
of  blistering  occurring  under  the  paint  film  at  the  bolt/alloy  interface.  The  amount  of  corrosion  of  the 
unpainted  assemblies  is  surprisingly  sli^t  and  is  mainly  limited  to  corrosion  of  the  bolt  head  and  the 
surface  of  the  alloy  blocks;  very  little  corrosion  is  found  in  the  countersinks  of  the  alloy  blocks.  The 
results  are  summarized  in  Tables  5 and  6.  There  are  major  differences  between  the  results  of  the  laboratory 
and  the  narine  exposure  tests  on  unpainted  assemblies,  probably  because  of  the  unusual  electrochemical 
conditions  existing  in  the  saturated  sea  salt  solutions  which  leads  to  most  of  the  bolt  heads  being  covered 
by  a white  deposit,  consisting  mainly  of  aluminium  salts,  in  the  laboratory  tests.  ITiese  deposits  prevent 
lusting  of  several  of  the  steel  bolts  which  suffered  severe  rusting  in  the  marine  atmosphere  tests.  Ttie 
pattern  of  corrosion  of  the  aluminiiun  alloy  blocks  is  also  quite  different  in  the  two  test  media. 

TABLE  5 RESULTS  OF  CORROSION  TESTS  ON  STEEL  BOLTS  ASSEMBLED  IN  ANODIZED  ALUMINIUM  ALLOY  BLOCKS 


Bolt  coating 

to  a narin*  atnosphero  for  76  wooko 

E^poaure  to  the  dry  aalt  htffidity  teat  for  40  weeka 

Bolt  head  condition 

Corroaion  of  alloj 
aurface  around 
bolt  head 

Intercranular 
corroaion  inaide 
counteraink 

Bolt  head  eonditioa 

Corroaion  of  alloy 
aurface  around 
bolt  bead 

Intergranular 
oerroaion  inaide 
counteraink 

Bare  atool 

Ccnpletel/  mated  . 

5 

5 

No  ruat,  white  depoait. 

5 U) 

5 

CaitaiuBi 

No  mat,  dull 

2 

0 

No  mat,  white  depoait. 

4 

3 

Zinc 

No  mat,  dull. 

t 

0 

No  ruat,  thin  white  depoait. 

1 

0 

Aliaiiniui 

Ruatad  in  centre. 

2 

1 

Conpleteljr  mated. 

2 

3 (0) 

Coating  A 
(initial  batch) 

Coating  A 
(aooond  batch) 

Coeipletel>  mated. 

3 

5 

No  mat,  white  depoait . 

5 (4) 

5 (4) 

ftuat  atained  ($2  weeka) . 

} 

- 

- 

- 

- 

CoatiBf  B 

Coaplatel/  mated. 

5 

3 

Ruat  ttaina,  white  depoait. 

4 

3 

Coating  T 

Ruat  atained  (52  weeka)  . 

1 

I 1 

Aa  new  (20  weeka) . 

- 

Corroaioe  rstiaca  for  dry  uMablcd  bolt*  (Mt  MtMblodiD  parmthettv  when  difftnot)  acoordiof  to  tb«  icAlt: 


« - 
h 


j 

z ; 


I 


0 lOBO 

1 « Vor7  gliflit 


2 > SUght 
} • Modorot* 


4 * Roderat*  to  oxtoBiivo 
i • Brtonaivo 
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TABLE  6 RESULTS  OF  CORROSION  TESTS  ON  TITANIUM  BOLTS  ASSEMBLED  IN  ANODIZED  ALUMINIUM  ALLOY  BLOCKS 


Exposure  to  a aarine  ataospbare  for  76 

weeks 

Exposure  to  the  dry 

Salt  buBidity  test  for  AO  weexs 

Bolt  coating 

Bolt  head  condition 

Corrosion  of  alloy 
surface  around 
bolt  head 

Intergranular 
corrosion  inside 
countersink 

Bolt  head  condition 

Corrosion  of  alloy 
surface  around 
bolt  head 

Intergranular 
corrosion  inside 
countersink 

Bare  titaniun 

As  new* 

2 

J.5  (0) 

White  deposit. 

5 

5 

Cadsium 

Dull* 

1 

0 

Thick  white  deposit. 

4 

A 

Zinc 

Dull* 

1 

0 

White  deposit. 

2 

0 

Alueiiniua 

>ill* 

1 

0 

White  deposit  and  some 
loss  of  coating. 

2.5 

! (0) 

Coating  A 
(initial  batch) 

Dull* 

2 

5 (3) 

'ntin  white  deposit, 

5 (>) 

5 (’) 

Coating  A 
(second  batch) 

As  new  (32  weeks)* 

1 

' 

- 

- 

- 

Coating  B 

Some  coating  lost. 

r 

3 (2) 

Some  white  deposit, 
coating  blistered. 

2.3 

2 

Coating  D 

As  new* 

2 

0 (J) 

Slight  loss  of  coating 
in  head  recess. 

2.5 

2 

Coating  E 

Some  coating  lost  (32  weeks). 

1 

- 

Dull  (20  weeks). 

1 

- 

Resin  bonded 

NoS^ 

As  new. 

2 

1 

Thick  white  deposit. 

5 (J) 

4 

Sm  footnotes  to  Table 


The  indications  after  78  weeks  exposure  to  a marine  atmosphere  are  quite  clear.  On  steel,  cadmium 
and  zinc  hoth  perform  very  well,  suffering  little  or  no  corrosion;  aluminium  coated  bolts  rust  on  the 
heads  but  protect  the  alloy  blooks  almost  as  effeotively  as  cadmium;  coatings  A and  B perform  almost 
as  badly  as  bare  steel.  With  titanium  alloy  bolts  the  corrosion  problem  is  far  less  than  with  steel: 
uncoated  titani\im  bolts  oause  only  ligjit  corrosion  of  the  blocks  and  that  in  the  countersink  is  completely 
suppressed  by  wet  assembly.  The  metallic  coatings  overall  performed  better  than  the  composite  coatings  on 
titanium,  althou^  this  distinction  was  not  apparent  after  52  weeks  exposure.  These  marine  atmosphere  test 
results  are  broadly  in  agreement  with  the  galvanio  cell  measurements  with  respect  to  the  protection 
afforded  by  the  coatings  to  aluminium  alloy;  oadmium,  zinc  and  aluminium  coatings  perform  well;  coatings 
A and  B on  steel  perform  poorly;  steel  is  more  problematic  than  titanium. 

The  results  of  the  laboratory  tests  on  the  bolted  assemblies  are  disappointing.  It  had  been  hoped 
that  they  would  have  paralleled  the  results  obtained  by  marine  exposure,  which  would  have  allowed  the 
laboratory  test  to  be  used  with  confidence  in  assessing  the  merits  of  any  other  bolt  coatings.  However, 
it  may  be  valid  to  use  galvanic  current  measurements,  together  with  wei^t  loss  determinations,  as  a very 
rapid  method  of  assessing  the  suitability  of  other  coatings,  not  only  for  operations  in  contact  with 
7075-T6  type  alloys  but  also  with  the  more  cathodic  aluminium-copper  alloys. 


3 PROPERTIES  OP  THE  COATINGS 

3.1  Coating  Thickness  and  Uniformity 

To  examine  the  bolt  coatings  three  bolts  of  each  type  are  sectioned  and  the  coating  thickness  is 
determined  from  photomicrographs.  The  average  thickness  is  determined  on  the  head,  shank,  thread  crest 
and  root;  the  results  are  summarized  in  Table  7»  Most  specifications  for  bolts  of  6.35  '™'  diameter 
require  bolt  coatings  for  corrosion  prevention  purposes  to  be  between  5 and  13 M m thick,  althou^  it  can 
be  beneficial  for  the  coating  on  the  heads  to  be  thicker.  Most  of  the  coatings  are  faily  uniform  and 
between  7 and  14Mm  thick,  exceptions  being; 


i coating  A which  on  the  initial  batch  of  bolts  is  discontinuous  and  varies  in  thickness  with 
a maximum  of  2^  pm  in  the  thread  roots,  and  on  the  second  batch  of  bolts  is  mainly  continuous  but 
varies  between  15.5  and  30  fim  thick; 

ii  coating  D which  varies  in  average  thickness  at  different  points  between  8 ^m  (bolt  shank) 
and  77 m (thread  roots); 


iii  coating  P which  is  uniform  but  on  the  head  the  thickness  (average  17.5  M®)  is  twice  that 
on  other  parts; 


iv  zinc  plated  titanium  bolts  which  have  thinner  coatings  on  the  shank  (5.5  pm)  and  thread 
root  (8.5Mm)  than  on  the  thread  crest  (11.5  M®)  and  head  (15  pm); 


alumini\un  on  steel  which  is  maricedly  thicker  (15»5  io  20  pm) 


than  the  other  metal  coatings. 


V 


6-6 


TABLE  7 THICKNESS  AND  UNITORMITY  OP  BOLT  COATINGS 


i 

I I 

I ] 


I 

.» 


Coating 

Bolt 

Coating  uniformity 

Average  thickness  of  coating  in  pm 

material 

Head 

Shark 

Thread  root 

Thread  crest 

Cadmium 

Steel 

uniform 

13 

13 

11.5 

14 

Titanium 

uniform 

12 

13 

13 

14 

Zinc 

Steel 

uniform 

14 

14 

15.5 

13 

Titanium 

uniform 

15.5 

5.5 

8.5 

11.5 

Aluminium 

Steel 

variable 

20 

18.5 

15.5 

18.5 

Titanium 

imiform 

13.5 

10 

10 

10 

Coating  A 

Steel 

variable  and  discontinuous 

16 

0-18.5 

10.5 

0-15.5 

(initial  batch) 

Titanium 

discontinuous 

Ci-17 

0-17 

27 

15.5 

Coating  A 

Steel 

variable 

18.5 

15.5 

26.5 

23.5 

(second  batch) 

Titanium 

partly  discontinuous 

30.5 

0-23 

17.5 

20 

Coating  B 

Steel 

uniform 

14 

14 

14 

14 

Titanium 

uniform 

10 

10 

11.5 

8.5 

Coating  D 

Titanium 

variable 

8.5 

8 

77 

11.5 

Coating  E 

Titanium 

xmiform 

10 

7 

7 

7 

Coating  P 

Steel 

uniform 

17.5 

8.5 

7 

8.5 

Resin  bonded 
MoSg 

Anodized 

titanium 

imiform 

7 

7 

7 

7 

3.2 


Resistance  to  Aircraft  Fluids 


To  assess  their  resistance  to  phosphate-hased  hydraulic  fluids  and  to  aviation  kerosine,  the 
bolts  are  immersed  in  the  fluids  for  35  weeks  before  being  exposed  to  neutral  salt  fog  for  6 weeks. 

To  date  no  differences  have  been  detected  in  the  corrosion  resistance  of  coatings  due  to  exposure  to 
either  aircraft  fluid,  nor  have  there  been  any  changes  in  the  infrared  spectra  of  the  fluids  following 
these  exposures. 

3.3  Electrical  Conductivity 

TABLE  8 ELECTRICAL  RESISTANCE  MEASURED  BETWEEN  CENTRE  COUNTERSINK 
AND  OUTER  BOLTS  IN  ALUMINIUM  ALLOY  BLOCKS 


Coating 

Bolt  material 

Electrical  resistance,  mO 

Wet  assembled  bolts 

Dry  assembled  bolts 

None 

Steel 

3 

8 

Titanium 

10 

21 

Cadmium 

Steel 

13 

21 

Titanium 

8 

34 

Zinc 

Steel 

3 

18 

Titanium 

3 

25 

Aluminium 

Steel 

8 

10 

Titanium 

10 

41 

Coating  A 

Steel 

2 

25 

Titanium 

21 

37 

Coating  B 

Steel 

47 

381 

Titanium 

8250 

15700 

Coating  D 

Titanium 

> 40000 

20400 

Coating  E 

Titanium 

300 

3000 

Coating  P 

Steel 

> 60000 

> 100000 

Resin  bonded  MoSg 

Anodized  titanium 

1200 

4650 
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To  ottain  some  measure  of  the  electrical  conductivity  of  the  coated  bolts  when  they  are  incorporated 
in  an  aircraft  structure,  measurements  are  made  when  the  bolts  are  fastened  into  the  aliuuinium  alloy  blocks 
fcr  the  corrosion  tests  (see  Pig  4).  The  two  outer  bolts  are  installed  and  the  electrioed  resistance  is 
measured  between  the  centre  countersink  and  the  two  outer  bolts.  The  coating  of  the  outer  bolts  is 
penetrated  by  a hard  probe  during  the  measurements.  Hie  mean  values  obtained  from  six  measurements  for 
each  bolt  type  are  given  in  Table  8,  for  both  wet  and  dry  assembled  bolts.  With  the  metallic  coatings  and 
with  coating  A the  electrical  resistances  recorded  are  similar  to  those  for  bare  steel  and  titanium  alloy 
bolts;  with  coatings  B,  D,  E and  resin  bonded  MoSp  on  anodized  titanium,  and  coating  P on  steel  much 
hi^er  electrical  resistances  are  obtained;  coating^  on  steel  gives  intermediate  values.  Therefore,  if 
electrical  continuity  througji  fasteners  is  a design  requirement  it  appears  that  most  of  the  composite 
coatings  could  cause  difficulties.  Also,  it  is  interesting  that,  in  general,  lower  resistance  measurements 
are  obtained  with  wet  assembled  bolts, 

3.4  Resistance  to  Tliermal  Shock 

The  ability  of  the  coatings  to  withstand  severe  thermal  shock  (probably  in  excess  of  conditions  met 
even  in  supersonic  aircraft),  and  to  provide  corrosion  protection  in  hi^  humidity  conditions  coupled  with 
such  thernal  shook,  are  both  assessed  by  subjecting  the  bolted  assemblies  used  for  corrosion  tests  to  the 
following  cycle: 

i immerse  in  distilled  water  at  20°C  for  l6h; 

ii  place,  bolt  head  down,  onto  a metal  block  of  large  thermal  mass  in  a refrigerator 

at  -20°C,  for  2h; 

iii  transfer  rapidly  to  an  oven  at  130°C  and  place,  bolt  head  down,  onto  a metal  block  of 

large  thermal  mass,  for  4hi 

iv  transfer  rapidly  to  the  refrigerator  at  -20°C,  as  in  (ii),  for  2h. 

At  the  completion  of  the  cycle  the  blocks  are  immersed  in  fresh  distilled  water  aigain.  At  week-ends 
the  blocks  are  left  in  distilled  water.  Hie  test  is  completed  after  28  cycles. 

At  the  end  of  the  test  period  two  bolts  are  extracted  and  the  coating  examined  for  any  breaks  or 
losses.  The  head  of  the  third  bolt  is  cross-hatched  at  2 mm  intervals^  and  the  coating  tested  for  any 
deterioration  in  adhesion  by  attaching  and  rapidly  detaching  a piece  of  self-adhesive  cellulose  acetate 
tapeT  over  the  cross-hatched  area.  Only  in  the  case  of  the  resin-bonded  MoS„  coating  was  there  detectable 
loss  of  coating.  In  all  oases  the  countersink  holes  were  free  from  corrosion. 

3.5  Paint  Adhesion  Properties 

Paint  adhesion  tests  are  applied  to  the  heads  of  fasteners,  installed  in  aluminium  alloy  blocks  and 
then  over-painted  with  a ohromated  epoxy  polyamide  primer  paint  after  the  blocks  have  been  exposed  to  the 
dry  salt  humidity  test  described  in  2.2.2  for  78  weeks.  The  cross-hatch  test  is  again  used^  followed  by 
the  application  of  cellulose  acetate  tape"^,  as  described  in  3.4.  Only  in  the  case  of  bare  steel  bolts  is 
there  any  loss  of  paint  from  the  bolt  head.  This  suggests  that  all  of  the  coatings  should  show  very 
adequate  paint  adhesion  properties  in  service,  even  after  exposure  to  a corrosive  environment. 

4 EFFECTS  OP  THE  COATHKJS  ON  BOLT  PERFORMANCE 

4.1  Fhtigue  Properties  of  the  Coated  Bolts 

g 

The  minimum  requirements  for  aerospace  standard  titanium  alloy  bolts  are  laid  down  in  BS  AlOi  , 
and  all  of  the  bolts  being  evaluated  in  the  present  programme  meet  these  requirements  with  regard  to 
fatigue  properties.  There  are  no  British  Standard  requirements  for  steel  bolts,  but  the  BS  A101  test 
requirements  are  also  met  by  all  of  the  steel  bolts.  Table  9 summarizes  the  results  of  tension-tension 
fatigue  tests  applied  at  the  stress  level  required  by  BS  A101  (5.43  + 3.25  kN  for  6.35  bolts),  and 

at  two  hi^er  stress  levels.  Comparing  the  fatigue  endurances  of  the  bolts  with  unooated  steel  and 
titanium  alloy  bolts  it  appears  that  most  of  the  coatings  markedly  reduce  the  fatigue  endurance  of  the 
bolt  materials.  Hie  notable  exceptions  are  coatings  D and  E on  titanium  alloy  which  appear  to  have 
no  detrimental  effect,  and  in  some  instances  the  fatigue  lives  of  the  coated  bolts  exceed  those  of 
unooated  bolts.  However,  only  the  aluminium  coated  bolts  were  from  the  same  source  as  the  unooated  bolts 
(while  the  bolts  with  -ino,  cadmium  and  coating  B were  from  another  single  source)  so  the  results  must 
be  tempered  to  allow  for  variations  in  fatigue  properties  of  the  different  bolts  prior  to  coating.  Thus, 
the  apparent  sli^t  advantages  of  aluminium  on  steel  and  coating  A on  titanium  may  not  be  too  significant 
in  practice;  but  the  results  with  coatings  D and  E strongly  suggest  that  these  coatings  should  show 
real  advantages  over  cadmium  plate. 

4.2  Torque-tension  Relationships  of  the  Bolts 

It  is  important  that  any  replacement  coating  for  cadmium  should  not  cause  any  maiiced  change  in  the 
torque  values  required  to  achieve  a given  bolt  tension,  and  that  variations  in  torque-tension  relation- 
ships from  bolt  to  bolt  should  be  a minimum.  Also  it  is  desirable  that  the  torque-tension  relationship 
does  not  alter  if  a bolt  is  re-used.  To  obtain  the  torque  and  tension  values  five  bolts  of  each  type  are 
used  and  (except  in  the  case  of  resin  bonded  MoS^  on  anodized  titanium  bolts)  self-locking  anodized 
aluminium  alloy  nuts  lubricated  with  cetyl  alcohol  are  used  to  tension  the  bolts  held  in  a 

load  cell.  Aluminium  alloy  nuts  are  used  because  they  are  required  in  the  corrosion  tests  (see  2.2.2). 

The  values  of  torque  applied  to  the  nut  and  tension  achieved  in  the  bolt  shank  are  recorded  at  incremental 
load  values  at  least  until  8.5  kN  is  achieved,  equivalent  to  iO%  of  the  tensile  strength  of  the  bolts. 

To  obtain  a measure  of  their  re-usability  the  bolts  are  also  subjected  to  16  nut  runs  before  determining 
their  torque-tension  relationships. 
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TABLE  9 ENDURANCE  OP  BOLTS  IN  TENS lOlt-TENS ION  MTICUE  TESTS 
AT  VARIOUS  STRESS  LEVELS 


Coating 

Bolt  material 

Log  mean  fatigue  endurance  in 

kilocycles 

5.43  + 3.25  kN 

5.97  + 3.57  kN 

6.51  + 3.90  kN 

Kone 

Steel 

10800 

494 

309 

Titanium 

> 5300 

257 

121 

Cadmium 

Steel 

57 

39 

26 

Titanium 

40 

27 

28 

Zinc 

Steel 

43 

33 

22 

Titanium 

35 

27 

12 

Aluminiiun 

Steel 

928 

156 

190 

Titanixim 

88 

109 

57 

Coating  A 

Steel 

58 

35 

25 

Titanium 

367 

144 

79 

Coating  B 

Steel 

49 

35 

37 

Titaniiim 

43 

28 

20 

Coating  L 

Titanium 

- 

1460 

156 

Coating  E 

Titanium 

1190 

762 

211 

Coating  P 

Steel 

139 

84 

56 

Resin  bonded 
MoSg 

Anodized  titanium 

684 

58 

50 

I 


* 


The  results  are  shovm  graphically  for  a representative  selection  of  the  bolt  coatings  on  steel 
(Pig  5)»  0“  titanium  (Pig  6)  and,  in  the  case  of  resin  bonded  MoSg  on  anodized  titanium,  the  torque-tension 
relationship  using  H0S2  coated  cadmium  plated  steel  nuts  up  to  a load  of  I7  kN  are  shown  in  Pig  7.  The 
results  of  torcpie-tension  determinations  on  five  bolts  after  16  nut  runs  are  given  as  a single  point,  the 
average  torque  required  to  achieve  a load  of  8.5  kN,  or,  in  the  case  of  resin  bonded  MoS-  on  anodized 
titanium,  a load  of  17  kN. 

It  is  apparent  that  there  is  considerable  variation  in  the  determination  on  any  single  type  of  bolt. 
For  example,  in  the  case  of  cadmium  on  steel  (Pig  5)  'the  load  achieved  at  any  given  torque  is  subject  to 
an  error  in  the  region  of  +505^.  On  steel  bolts  aluminium  coatings  give  far  less  scatter,  but  on  titanium 
aluminium  coatings  cause  greater  scatter  than  does  cadmium  plating.  The  only  bolt  coating  to  show  a raaiked 
change  after  simulated  use  is  the  resin  bended  MoSg  on  anodized  titanium  (Pig  7)  with  which  coating  the 
torque  required  to  achieve  a load  of  17  kN  is  doubled  after  16  nut  runs.  This  one  result  may  derive  in 
part  from  the  hi^er  loading  imparted  on  the  bolt. 

If  the  results  obtained  are  re2ilistio  then  all  of  the  alternative  coatings  with  the  exception  of 
the  resin  bonded  MoSg  appear  to  be  acceptable  with  regard  to  their  torque-tension  characteristics. 

5 CONCLUSIONS 

In  this  assessment  of  bolt  coatings  the  corrosion  resistance  and  galvanic  compatibility  with 
aluminiiun  alloy  is  probably  of  prime  importance.  Results  to  date  suggest  that  cadmium  plating  will  be 
difficult  to  replace.  If  titanium  alloy  bolts  alone  are  considered  it  is  possible  to  conclude  that 
uncoated  bolts  can  be  safely  used  provided  wet  assembly  is  used  for  installation  into  aluminium  alloy. 
However,  provision  must  be  made  for  the  accidental  omission  of  wet  assembly  materials,  and  aluminium  or 
zinc  coatings  would  be  the  most  acceptable  alternatives  to  cadmium,  closely  followed  by  coatings  D and 
E,  provided  that  electrical  continuity  through  the  bolts  was  not  a design  requirement.  In  the  case  of 
steel  a coating  must  be  used,  and  the  only  promising  alternatives  are  zinc  or  aluminium.  Coating  A may 
perform  almost  as  well  if  a good  batch  is  obtained  but  the  risk  of  obtaining  unsatisfactory  bolts  must 
wei^  heavily  against  the  coating.  Coating  P shows  promise  but  requires  further  evaluation. 

The  choice  between  zinc  and  aluminium  involves  balancing  the  excellent  protection  of  steel  by  zinc 
and  the  poor  performance  of  aluminium  against  the  dangers  of  using  zinc  in  contact  with  aluminium  where 
the  large  difference  in  galvanic  potential  leads  to  more  rapid  corrosion  of  zinc  than  of  an  aluminium 
coating  in  the  same  situation.  If  it  were  necessary  to  choose  between  the  two  then  aluminium  coatings 
should  be  used  because  it  is  more  important  in  most  oases  to  protect  the  aluminium  alloy  in  contact  with 
the  bolt  than  it  is  to  prevent  the  more  readily  visible  rusting  of  the  steel. 

Secondary  conclusions  can  be  made  regarding  the  types  of  corrosion  tests  which  should  be  employed 
to  evaluate  the  various  coated  bolts.  It  would  seem  to  be  sensible  to  accept  the  validity  of  the  marine 
atmosphere  exposure  tests  and  compare  the  results  with  those  obtained  in  the  laboratory  methods.  On  this 
basis  the  continuous  neutral  salt  fog  test  should  not  be  relied  on  by  itself  and  the  dry  salt  humidity 


I 

I 

1 

¥ 


6-9 

test  is  quite  unsuitable.  Bie  measurement  of  galvanic  current  and  ensuing  wei^t  losses  is  a promising 
very  rapid  method  of  assessment,  and  it  may  be  worthwhile  varying  the  conditions  of  the  test  to  cover  a 
wider  range  of  environments. 

Setting  aside  the  problems  associated  with  corrosion  resistance,  the  present  evaluation  suggests 
that  the  bolt  coatings  examined  are  acceptable  with  only  a few  reservations.  First,  if  electrical 
continuity  is  to  be  obtained  throu^  the  bolts  then  only  the  metal  coated  (or  uncoated)  bolts,  or  those 
with  coating  A would  be  acceptable.  Secondly,  the  unevenness  of  coatings  A and  I)  could  be  a 
problem  in  some  applications,  such  as  on  interference  fit  bolts.  Thirdly,  the  resin  bonded  MoSg  on 
anodized  titanium  alloy  bolts  shows  relatively  poor  paint  adhesion,  thermal  shock  resistance,  and  torque- 
tension  oharaot eristic 8 after  simulated  use. 
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Fig  I Perspex  block  for  holding  bolts  in  corrosion  tests 
Holes  up  to  100  urn  oversize  on  bolt  shanks 
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Fig  5 Torque-tension  relationships  for  coated  steel 
bolts,  using  self-locking  anodized  aluminium 
alloy  nuts  lubricated  with  cetyl  alcohol 

Fig  6 Torque-tension  relationships  for  coated 
titanium  alloy  tolts,  using  self-locking 
anodized  aluminium  alloy  nuts  lubricated 
with  cetyl  alcohol 
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PHYSICAL  VAPOUR  DEPOSITION  AND  ION  BEAM  TECHNIQUES  FOR  SURFACE  DURABILITY 

J.  P.  Coad  (Materials  Development  Division)  and  N.  E.  W.  Hartley  (Nuclear 
Physics  Division),  A.E.R.E.,  Harwell,  Dxfordshire,  DXll  ORA,  U.K. 


SUMMARY 

Two  surface  treatment  processes  under  development  at  Harwell  are  described  which 
make  increasing  use  of  the  throwing  power  and  versatility  of  ion  beams.  At  low  plasma 
discharge  energies  (<  1 keV)  ionised  atoms  cause  sputter  cleaning  of  surfaces  and  enable 
fully  dense  and  adherent  coatings  to  be  built  up  on  complex  industrial  items.  Ion 
implantation,  in  which  the  bombarding  atoms  are  accelerated  through  typically  30  KV, 
causes  the  original  surface  to  become  heavily  impregnated  with  ions.  The  reproducibility 
and  relative  ease  of  scaling  up  make  both  processes  attractive  for  large  volume  automatic 
surface  treatment,  although  the  vacuum  requirements  for  ion  implantation  are  more 
stringent  (lO'^mbar).  Some  examples  taken  from  recent  evaluations  on  components  treated 
for  corrosion  and  wear  resistance  in  the  aerospace  and  other  industries  are  described. 


INTRDDUCTION 

This  paper  describes  two  surface  treatment  processes  which  significantly  increase 
the  range  of  materials  available  to  the  designer.  Surface  treatment  is  required  whenever 
the  bulk  properties  of  a material  are  inadequate  to  cope  with  the  special  demands  of 
corrosion,  wear,  fatigue  or  oxidation  and  modern  methods  of  improving  surface  durability 
under  development  within  the  U.K.A.E.A.  include  controlled  atmosphere  oxidation,  laser 
hardening  and  ion  implantation. 

A different  approach  is  to  coat  the  surface  with  another  substance  so  that  bulk  and 
surface  properties  relate  to  completely  different  materials.  A number  of  methods  of 
achieving  this  objective  exist,  including  electro-plating,  chemical  vapour  deposition 
(CVD),  electron  beam  evaporation  and  ion  plating.  One  problem  with  all  coating 
techniques  is  to  achieve  sufficient  adhesion  between  the  surface  film  and  the  substrate 
material  so  that  the  coating  remains  intact  throughout  the  service  life  of  the  component. 
Nevertheless,  coatings  have  also  achieved  large  incr  ses  in  resistance  to  corrosion  and 
wear,  and  can  change  the  surface  nature  more  complete  y than  modifications  to  the  bulk 
material.  A novel  coating  technique  known  as  'sputter  ion  plating'  is  described, 
together  with  some  of  its  applications  to  materials  technology. 

In  contrast  to  conventional  deposition  methods,  ion  implantation  (the  second  surface 
treatment  process  described  in  this  paper)  does  not  produce  a coating  in  the  normal  sense 
of  the  term  because  atoms  are  introduced  below  the  surface  of  the  original  material  and 
exert  their  influence  within  this  matrix.  The  common  features  of  sputter  ion  plating 
and  ion  implantation  treatments  for  surface  durability  are  that  they  are  versatile  vacuum 
techniques  and  employ  energetic  ionised  gases.  With  ion  implantation  there  is  no  change 
in  the  dimensions  of  the  component  and  no  interface  is  created,  which  is  so  often  subject 
to  mechanical  weakness  or  interfacial  corrosion  (a  frequent  problem  with  electroplated 
finishes,  for  example).  Ion  implantation  is  applied  to  finished  components  and  tools 
and,  because  it  is  a low -temperature  process  (carried  out  as  a rule  below  2DDOC)  there  is 
no  risk  of  distortion.  Subsequent  treatment  or  machining  is  both  unnecessary  and 
undes i rabl e . 

COATING  METHODS 

( a ) Sputter  Ion  Plating 

Ion  plating  is  a term  originally  coined  by  MattoxH)  to  describe  a method  of  physical 
vapour  deposition  in  which  the  substrate  is  bombarded  with  ions  during  a vacuum  coating 
operation.  As  conceived  by  Mattox  a vacuum  system  is  employed  which  contains  inert  gas, 
usually  argon,  at  a pressure  in  the  range  10"^  to  10'^  mbar.  Vapour  of  the  material  to 
I be  deposited  is  generated  from  a heated  crucible.  It  diffuses  through  the  inert  gas  from 

j source  to  substrate  and  a useful  throwing  power  is  achieved  owing  to  the  gas  scattering 

1 which  takes  place.  The  essential  feature  of  ion  plating,  however,  is  the  application  of 

an  appropriate  negative  voltage  between  the  substrate  and  another  electrode  (the  anode) 

.1  within  the  vacuum  system.  This  causes  a glow  discharge  to  take  place  in  which  the 

f*  substrate  is  the  cathode  and  there  is  continued  bombardment  of  the  substrate  by  ions  of 

the  inert  gas.  Mattox  and  many  other  workers  have  found  that  under  these  conditions  of 
simultaneous  bombardment  and  deposition,  particularly  well  adhered  and  dense  metallic 
coatings  may  be  formed. 

In  sputter  ion  plating  (SIP)(2-A)  crucible  and  its  contents  are  replaced  by  an 
electrode  fabricated  from  the  source  material  itself.  A negative  voltage  is  applied  to 
it  so  that  a second  and  more  powerful  glow  discharge  is  set  up  with  respect  to  the  same 
anode  as  before.  Under  the  ion  bombardment  which  occurs  the  source  is  sputtered,  i.e. 
eroded  by  atomic  collision  processes,  and  vapour  is  again  formed  in  atomic  and  molecular 
I form  which  ultimately  diffuses  to  the  substrate.  Unlike  the  conventional  ion  plating 
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process  the  method  is  particularly  well  suited  to  the  deposition  of  refractory  metals, 
alloys  and  compounds  since  the  atoms  of  any  of  these  materials  can  readily  be  produced 
using  sputtered  ion  bombardment. 

The  source  material  in  the  present  system  is  in  the  form  of  sputtering  cathodes 
distributed  uniformly  round  the  outside  of  the  volume  containing  the  samples  to  be 
coated.  Consequently  excellent  throwing  power  is  achieved  and  components  of  irregular 
shape  may  be  uniformly  coated  with  complex  alloys  and  compounds  without  the  need  for 
mechanical  manipulation.  D.C.  sputtering  is  a low  rate  coating  process  (usually  up  to 
a few  pm/hr)  but  this  means  that  substrate  bias  power  density  is  also  low,  e.g. 

~ 0.1  W/cm2.  Dense,  pore-free  coatings  can  be  put  down  without  overheating  the  sub- 
strates. Although  the  process  is  relatively  slow  it  is  suited  to  batch  coating  of  many 
components  at  one  charge.  Owing  to  the  general  simplicity  of  the  equipment  long  coating 
exposures  may  be  carried  out  unattended  with  a minimum  of  control  devices. 
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Figure  1 Sahematia  diagram  of  sputter  ion  plating  system 

A schematic  diagram  which  indicates  the  main  features  is  shown  in  Figure  1.  The 
coating  operation  takes  place  within  a heated  enclosure  mounted  within  the  vacuum 
chamber,  (though  the  chamber  itself  could  be  heated  if  this  is  practical).  Heating  the 
sample  region  to  about  200^0  and  holding  this  temperature  during  coating  prevents  any 
contamination  from  the  chamber  walls  being  incorporated  into  the  coating.  Purified 
argon  is  passed  continuously  th>'f'ugh  the  heated  enclosure  at  a pressure  of  about  (Vd) 
mbar,  where  d is  the  chamber  dim.-nsion  in  cm.  A mechanical  pump  is  sufficient  to 
maintain  the  working  pressure;  no  high  vacuum  pumps  or  vapour  traps  are  needeJ. 

Before  the  coating  is  deposited  the  surface  to  be  coated  must  be  thoroughly  cleaned, 
and  this  is  done  by  ion  bombarding  the  sample.  The  normal  purging  gas,  argon,  can  be 
used  readily  by  applying  a few  hundred  volts  (negative)  to  the  samples  and  setting  up  a 
discharge  between  them  and  the  walls  of  the  chamber. 

(b)  Ion  Implantation 


Ions,  produced  by  a variety  of  means  in  an  ion  source  (of  which  there  are  many 
designs'^)),  are  accelerated  by  an  electric  field  towards  the  workpiece.  Energies  lie 
<~wa11y  between  about  10  keV  and  200  keV  and,  since  the  ions  mostly  have  a single 
••■tronlc  charge,  these  values  correspond  to  the  voltages  required.  A limit  is  set  to 
lowest  energy  which  can  be  used  by  the  fact  that  the  ions  must  penetrate  the  thin 
• »U«s  normally  present  on  metallic  surfaces.  The  process  is  carried  out  in  a 
’i'afely  good  vacuum  of  10"5  to  10'6  mbar,  so  that  undue  scattering  or  neutralisation 
• • larged  particles  does  not  occur.  Implantation  machines  are  commercially 

• wntch  meet  most  of  the  needs  of  the  semiconductor  device  industry(6).  These 
kept  pace  with  ever  increasing  silicon  wafer  sizes  and  more  demanding 
• gf  implantation  uniformity  and  wafer  throughput.  The  geometry  of  the 

•try  simple,  universally  involving  thin  flat  discs  of  semiconductor  and 
»>  •»,  of  non-metallic  ion  species. 

»»m#«t  of  advanced  engineering  components  and  tools  the  situation  is 

' In  the  first  place  much  higher  ion  doses  are  usually  required, 
-werfiil  ion  beams  for  the  process  to  be  economically  attractive. 


Secondly,  the  components  vary  very  greatly  in  size  and  they  are  rarely  of  a simple 
geometry,  particularly  in  aerospace  and  allied  industries.  Special  ion  source  configura- 
tions and  even  multiple  ion  sources  may  therefore  be  needed  in  order  to  direct  the  beam 
appropriately.  Implantation  treatments  for  corrosion  protection  call  for  a variety  of 
ion  species,  for  example  chromium,  molybdenum,  rare  earths,  etc.  which  are  not  normally 
available  in  high  energy  intensities  in  ion  sources  currently  obtainable. 

By  comparison  with  the  application  of  ion  implantation  to  semiconductors,  some  of 
the  constraints  can  be  relaxed  in  dealing  with  engineering  materials.  It  is  not  necessary 
to  employ  ion  beams  of  such  high  purity,  and  the  uniformity  and  reproducibility  of  the 
dose  delivered  rarely  needs  to  be  better  than  about  20%.  A spread  in  ion  energy  is 
usually  not  detrimental.  Reliability  and  simplicity  of  operation  are  much  more  important. 

The  net  result  is  that  machine  designs  for  ion  implantation  in  the  engineering  field 
must  be 


(i)  versatile,  particularly  with  respect  to  work  handling; 

ii)  efficient,  with  a throughput  matched  as  far  as  possible  to  the  batch  size 
desired ; 


(iii)  compact,  so  as  not  to  occupy  valuable  floor  space; 

(iv)  simple  to  operate,  and  automated  so  far  as  possible; 

(v)  reliable  in  service,  with  long-life  ion  source  and  high  voltage  supplies  and 
easy  maintenance; 

(vi)  completely  safe,  from  the  point  of  view  of  electrical  safety  and  from  X-ray 
emission. 


These  requirements  have  now  largely  been  met  in  prototype  equipment  based  upon  work 
carried  out  at  Harwell  over  some  five  years.  Figure  2 shows  the  schematic  arrangement 
of  ion  implantation  equipment  which  resembles  electron  beam  welding  apparatus  as  regards 
cost,  complexity  and  general  design  principles.  A high  voltage  supply,  vacuum  equipment 
and  workpiece  manipulation  gear  is  required  in  each  case,  an  ion  gun  being  substituted 
for  the  electron  gun  in  this  case.  Figure  3 shows  a photograph  of  the  prototype  unit 
built  at  Harwell,  incorporating  a 50  cm  cubical  work  chamber,  a compact  100  kV  power 
supply,  automatic  vacuum  system  and  thoroughly  tested  safety  features. 


Figure  2 Sohematio  arrangement  of  ion 
eouroe  and  work  chamber  suited  to  the 
ion  implantation  of  engineering 
components 


Figure  3 Photograph  of  a prototype  ion 
implantation  machine  at  Harwell  for 
treating  small  batches  of  tools  and  components 


APPLICATIONS 

The  fields  of  application  of  these  two  surface  treatments  methods  are  shown  in  the 
following  figure  (Figure  4),  which  divides  the  potential  areas  for  exploitation  into 
physical,  chemical  and  physico-chemical  regimes.  Sputter  ion  plating  and  ion  implanta- 
tion have  been  applied  to  a variety  of  surfaces  for  wear  reduction,  both  on  laboratory 
test  samples  and  on  small  scale  industrial  trials. 

Wear  Resistance 

There  is  industrial  interest  in  surfaces  with  improved  wear  resistance  either  for 
increased  lifetime  of  tools  and  dies,  or  reduced  wear  rate  of  surfaces  in  sliding  contact 
with  ether  components  or  erosive  and  fretting  wear  in  turbines.  One  area  of  particular 
interest  is  the  application  of  surface  coating  technology  to  tools,  both  of  the  cemented 
carbide  and  high  speed  steel  types.  Over  the  last  ten  years  chemical  vapour  deposition, 
CVD(°),  had  been  used  to  deposit  TiC  and  T-C-N  coatings  which  strengthen  cemented  carbide 
tools  and  can  increase  the  lifetime  of  the  tools  by  a factor  of  2 to  10;  this  has  also 
been  achieved  using  ion  plating.  CVD  cannot  be  used  to  coat  steel  components  unless  the 
components  are  subsequently  heat  treated,  because  the  temperatures  reached  by  the 
substrate  during  coating,  typically  1000  to  llOO^C,  would  soften  the  steel.  Sputter  ion 
plating  has  been  applied  experimentally  to  coat  tools  and  other  components  with  TiC  and 
TiN  and  with  each  of  these  materials  dense,  smooth,  well-adhered  coatings  of  Vickers 
hardness  in  excess  of  2,000  have  been  deposited.  Coatings  of  WC,  CrC  and  a mixed  Ta/Ti 
carbide  have  also  been  successfully  deposited,  and  a section  through  the  last  mentioned 
is  seen  in  Figure  5. 
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Figure  4 Material  properties  whioh  can 
be  altered  by  sputter  ion  plating  and 
ion  implantation 


Figure  S Section  through  a titanium- tantalum 
carbide  coating  deposited  by  sputter  ion 
plating  on  to  mild  steel 


Another  application  for  which  some  of  the  SIP  coatings  mentioned  above  have  recently 
been  tested  is  resistance  to  erosion  by  high  speed  air-borne  particles;  the  coatings 
have  proved  to  be  very  effective  in  combating  this  problem. 

The  principle  adopted  in  ion  implantation,  on  the  other  hand,  is  to  introduce  into 
a metal  surface  those  atomic  species  which  will  form  very  strong  bonds  with  the  original 
material,  and  which  will  have  a hardening  effect  upon  the  surface  layer.  This  chemical 
effect  is  enhanced  by  the  fact  that  ion  bombardment  creates  disorder  and  displaces  atoms 
within  the  original  polycrystalline  metal(9).  The  result  is  a dense  dislocation  network, 
not  unlike  that  induced  by  shot  peening,  although  much  shallower  in  depth  (<  1 urn)  and 
fortunately  free  from  the  changes  in  surface  finish  which  peening  introduces.  Furthermore 
the  surface  is  put  into  a state  of  high  compressive  stress  at  the  ion  doses  usually 
employed . 

It  was  observed  during  the  early  stage  of  this  work  at  Harwell  that  the  effectiveness 
of  nitrogen  or  carbon  ion  implantation  upon  wear  resistance  of  steel  is  much  longer 
lasting  than  might  be  expected  on  the  basis  of  the  shallow  ion  penetration.  Measurements 
of  the  amount  of  nitrogen  still  present  in  a surface  after  wear  tests  combined  with 
profilometry  of  wear  tracks  indicate  that  a significant  fraction  of  implanted  material  is 
still  present  after  wear  to  a depth  of  10  microns.  It  seems  likely  that  some  mechanism 
is  serving  to  carry  forward  the  nitrogen  or  carbon  as  wear  progresses. 

The  examples  of  ion  implantation  studies  listed  in  Table  1 represent  a selection  of 
manufacturing  trials  on  ion  implanted  components  (' 0) . It  must  be  stressed  that  ion 
implantation  is  still  at  the  exploratory  stage.  No  equipment  yet  exists  outside  Harwell 
which  has  been  specifically  designed  to  treat  metallurgical  items  on  a production  basis. 
Some  of  the  examples  listed  in  the  Table  have  reached  relatively  large  pre-production 
assessments  (i.e.  over  100  components)  and  the  trials  are  continuing. 
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Table  1 

Evaluations  of  Ion  Implanted  Components  in  Production  Engineerln; 


Ref 

Application 

Material 

Treatment 

Result 

A 

Paper  slitters 

1C  1.6  Cr  steel 

17  7 

8.10"  N/cm^ 

Cutting  life  X2 

B 

Acetate  punches 

Cr-pl ate 

4.1o'^  N/cm^ 

Improved  product 

C 

D 

Taps  for  drill- 
ing plastic 

Slitters  for 
synthetic  rubber 

HSS 

WC-6*  Co 

8.10^^  N/cm^ 

Life  X5 

Life  X12 

E 

Dies  for  copper 
rod 

H 

5.10^^  C/cm^ 

Throughput  X5 

F 

Drawing  dies 

II 

2.1o''  CO/cm^ 

Improved  life 

G 

Dies  for  steel 
wi  re 

H 

3.10''  C/cm^ 

Wear  rate  X 1/3 

H 

Tool  inserts 

4 Ni  1 Cr  steel 

4.10"  CO/cm^ 

Contamination  X 1/3 

I 

Forming  tools 

12Cr  2C 

4.10^^  N/cm^ 

Much  reduced  ad- 
hesive wear 

The  applications  are  grouped  into  three  main  areas:  A to  D - cutting  and  slitting 
operations;  E,  F,  and  G,  extrusion  operations  and  applications  where  large  surface 
forces  occur;  H,I  - corrosive  applications. 

In  the  first  group  of  applications  ion  implantation  was  chosen  for  evaluation 
because  sharp  surfaces  are  intrinsically  difficult  to  surface  treat  without  becoming 
embrittled.  In  addition  cutting  processes  in  industry  usually  involve  very  large  volumes 
of  material  and  thus  it  becomes  important  to  maintain  a steady  throughput  and  minimise 
shut-down  of  plant.  In  example  A two  20  cm  diameter  slitter  discs  were  ion  implanted 
with  nitrogen  round  the  cutting  edges.  The  steel  was  a nigh  carbon  with  chromium  heat 
treatable  cutting  steel.  These  steels  form  chromium  carbides  which  induce  hardness  and 
good  wear  resistance  but  surface  treatment  by  induction  or  flame  hardening  is  not 
advised  because  grain  growth  occurs.  Cold  working  causes  severe  embrittlement  and 
although  it  is  possible  to  furnace  heat  treat  the  steel,  local  decarburisation  can  occur 
if  a slightly  oxidising  atmosphere  is  present. 

In  this  example,  the  wear  took  place  by  an  abrasive  process,  caused  by  small  particles 
of  silicates  contained  within  the  paper.  Abrasive  wear  occurs  in  all  the  applications 
within  the  first  group  of  examples.  In  Case  B the  punching  process  has  to  be  precise 
within  a very  high  degree  of  accuracy  (<  1 um)  and  abrasive  wear  by  the  plastic-based 
material  can  rapidly  lead  to  an  unacceptable  product. 

The  third  application  (C)  concerns  a high  volume  market  in  which  the  treated  tool  is 
inexpensive.  High  speed  steel  taps  are  used  to  provide  threaded  holes  in  injection 
moulded  thermosetting  resin  components.  The  taps  are  found  to  wear  out,  largely  by  an 
abrasive  mechanism,  in  about  1500-2000  operations.  A set  of  implanted  taps  tested 
alongside  controls  showed  no  measurable  signs  of  deterioration  after  7500  tapping 
operations.  One  tap  achieved  19,000  operations. 

The  fourth  application  for  ion  implantation  in  Table  1 concerns  the  abrasive  wear 
of  cobalt-based  cemented  tungsten  carbide  slitters  for  cutting  synthetic  rubber.  This  is 
another  high  volume  market  where  penalties  occur  if  plant  is  unable  to  be  kept  running 
for  any  length  of  time.  Normally  slitter  blades  are  refurbished  before  a single  shift 
is  ended.  This  halts  production  and  is  therefore  a costly  operation.  High  dose  nitrogen 
implantation  extended  the  cutting  life  of  these  slitters  by  a factor  12  which  allowed* the 
machine  operators  to  run  large  batches  of  material  through  without  interruption. 

Considerable  increases  (by  factors  of  5 to  even  100)  in  the  life  of  cemented  tungsten 
carbide  tools  used  for  certain  wire-drawings  and  metal -forrai ng  operations  on  copper, 
steel  and  other  materials  have  also  been  achieved  by  carbon  and  nitrogen  implantations 
(E,  F and  G in  Table  1).  Both  adhesive  and  abrasive  wear  have  been  reduced  in  this 
material  as  well  as  in  Stellite('n.  Once  again  the  effectiveness  is  prolonged  and  a die 
may  still  show  the  benefits  of  ion  implantation  after  wear  to  a depth  1000  times  the 
implanted  layer  thickness.  The  mechanisms  are  less  well  understood  in  inhomogeneous 
materials  than  they  are  in  steels,  but  probably  involve  migration  and  strong  bond  formation 
at  grain  boundaries  since  it  is  only  here  that  diffusion  can  occur  within  the  times  and 
temperatures  experienced. 

The  relatively  high  value  of  a tungsten  carbide  tool  means  that  implantation  is 
likely  to  add  only  a fraction  to  its  cost  yet  the  service  life  can  be  much  increased. 

Plant  utilisation  is  increased,  and  the  quality  of  the  machined  produce  's  improved. 

Figure  6 shows  a (sectioned)  die  of  a type  which  has  been  improved  by  ion  implantation. 


Figure  6 Photograph  of  a seationed  wire-drawing  die  with  a tungeten  carbide  insert  which 
can  be  ion  implanted  for  improved  performance 


Corrosion  and  Adhesive  Wear 

Cases  H and  I in  Table  1 demonstrate  the  application  of  ion  implantation  for  combating 
corrosion  and  adhesive  wear  in  manufacturing  industry.  With  the  development  of  more 
powerful  ion  sources  which  can  deliver  milliamp  beams  of  rare  earth  elements  and  other 
suitable  corrosion  inhibitors,  it  is  envisaged  that  ion  implantation  will  have  a signifi- 
cant contribution  to  make  towards  improving  the  surface  durability  of  turbine  blades  and 
other  high  temperature  components.  Many  industrial  corrosion  problems  are,  however, 
centred  on  relatively  inaccessible  regions  of  stress  concentration  or  internal  surfaces 
and  it  is  here  that  the  particular  advantages  of  sputter  ion  plating  become  important. 

We  look  first  at  ion  implantation. 

An  early  example  o^  the  use  of  ion  implantation  for  oxidation  protection  was  the  case 
of  yttrium  implanted  20  Cr/25  Ni/Nb  stainless  steel(T2),  see  Figure  7. 
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Figure  7 Effect  of  yttrium  ion  implantation  on  the  oxidation  of  austenitic  stainless 
steel  in  COg  at  800°C  compared  with  the  behaviour  of  alloyed  yttrium 
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In  pack-aluminized  nimonic  alloys  used  in  turbine  blades,  however,  ion  implanted 
Y+  or  Ce+  were  observed  to  convey  no  benefit  because  the  atomic  transport  mechanisms 
are  different  to  those  occurring  in  steels  to  which  rare  earth  additions  have  been 
made(12).  jhe  implanted  atoms  remain  at  the  outer  surface  of  an  alumina-rich  scale  and 
they  are  soon  lost  due  to  spalling.  In  this  case,  the  obvious  method  of  protection  is 
to  ion  implant  additional  aluminium  and  this  has  proved  to  be  the  case  for  Fe-Cr-Al-Y. 

The  parabolic  rate  constant  for  oxidation  in  02  at  IIOOOC  was  reduced  by  a factor  of 
140  by  implanting  10l7  A1+  ions  per  cm2  into  an  alloy  containing  1.42%  Al(13). 

An  alternative  to  increasing  deliberately  the  aluminium  content  to  improve  the  high 
temperature  oxidation  resistance  of  this  material  is  to  substitute  ion  implanted  yttrium 
for  the  bulk  addition  of  this  element,  in  an  analogous  way  to  the  20  Cr/25  Ni/Nb 
austenitic  stainless  steel  application  discussed  earlier.  Recent  work  at  Harwell(14) 
has  shown  that  Y implanted  into  Fe-Cr-4.8%  A1  brings  about  a very  large  reduction  in 
thermal  oxidation  at  temperatures  in  excess  of  1000°C.  It  appears  that  the  ability  of 
Y to  stimulate  the  formation  of  an  effective  layer  against  an  outwardly  migrating  cation 
flux  depends  on  the  presence  of  other  elements  within  the  bulk  material,  such  as 
chromi urn. 

Ion-implanted  Cr*,  Al"*",  and  Ti+  have  each  reduced  thermal  oxidation  and  atmospheric 
tarnishing  in  copper  by  leading  to  the  formation  of  a more  protective  oxide. 

Correlated  changes  in  corrosion  and  oxide  electronic  properties  were  observed  in 
the  case  of  titanium,  in  which  the  favourable  species  (e.g.  Sr+,  Ba+,  Eu+)  share  a low 
electronegativity  and  a large  ionic  radius.  It  is  believed  that  in  this  case  these 
implants  act  by  providing  traps  for  migrating  0”  ions,  forming  in  the  process  a bulky 
compound  comprising  the  implanted  impurity  together  with  titanium  and  oxygen,  which  form 
the  perovskite  structure.  This  appears  to  block  certain  fast  diffusion  paths  through 
the  oxide  and  into  the  metal. 

There  are  therefore  an  increasing  number  of  instances  where  ion  implantation  can 
improve  corrosion  performance.  The  amounts  of  material  required  can  be  two  orders  of 
magnitude  lower  than  for  friction  and  wear  reduction,  although  the  ion  species  are  less 
easily  produced  than  carbon  or  nitrogen  as  discussed  in  the  earlier  examples  included  in 
Table  1.  With  the  development  of  efficient  ion  sources  capable  of  treating  large  surface 
areas,  ion  implantation  seems  likely  to  make  a valuable  contribution  to  high  temperature 
oxidation  both  for  materials  improvement  and  as  an  aid  to  understanding  oxidation 
mechani sms . 

An  alternative  method  of  providing  corrosion  protection  is  to  exclude  the  environ- 
ment completely  by  coating  external  surfaces  with  a fully  dense  protective  layer.  To 
be  effective,  prevention  from  corrosive  attack  must  be  total.  The  microstructure  of  a 
deposited  coating  must  therefore  be  well  controlled. 

Figure  8 shows  a section  through  a coating  deposited  by  Sputter  Ion  Plating  of 
CoCrAlY  alloy  on  nickel:  no  structure  is  visible  in  the  deposit.  Although  this  coating 
is  typical  of  sputter  ion  plating  it  contrasts  markedly  with  the  dendritic  structures 
prevalent  in  electron  beam  evaporation,  for  example.  Dendritic  structures  not  only  give 
a high  density  of  points  where  the  coverage  of  the  substrate  is  far  thinner  than  the 
normal  film  thickness,  but  also  give  a much  higher  specific  surface  area  for  absorption 
of  gases  etc.  than  does  the  denser  smooth  coating  obtained  by  sputter  ion  plating.  A 
more  uniform  coating  might  also  be  expected  to  give  improved  life  to  cathodic  protection 
layers  which  are  in  widespread  use  following  deposition  by  other  plating  techniques.  At 
Harwell,  coatings  of  Fecral loy(1 5) , which  is  also  of  the  general  form  MCrAlY,  have  been 
tested  and  have  good  properties.  Fecralloy  coatings  on  20  Cr/25  .Ni/Nb  have  been  heated 
to  lOOflOC  in  CO2  for  over  400  hours,  and  the  coatings  gave  total  protection  to  the  flat 
areas  of  the  substrates,  though  there  was  localised  attack  at  the  hole  used  for  mounting 
the  samples,  where  the  coating  was  incomplete  and  internal  stresses  during  oxidation 
were  greatest.  There  was  no  detectable  spread  of  the  attacked  area,  showing  that  no  de- 
cohesion was  caused  by  attack  along  the  interface. 

CoCrAlY,  together  with  NiCrAlY,  are  finding  increasing  applications  as  coatings  in 
the  aerospace  industry.  In  particular,  the  operating  temperatures  for  gas  turbines  are 
steadily  i ncreasi ng  so  that  the  life  of  the  Inconel  blades  is  becoming  too  short  for 
economic  use.  CoCrAlY  and/or  NiCrAlY  coatings  have  been  shown  to  increase  the  operating 
life  of  the  blades.  Sputter  ion  platings  has  achieved  dense  enough  deposits  of  this 
material  to  alleviate  the  need  for  subsequent  shot  peening  and  heat  treatment.  The 
process  is  being  scaled  up  to  improve  the  deposition  rate  so  that  these  coatings  can  be 
built  up  more  rapidly. 

Practical  applications  of  sputter  ion  plating  and  ion  implantation  to  the  physico- 
chemical areas  of  surface  technology  shown  in  Figure  4 (bonding,  lubrication,  adhesion) 
have  so  far  been  limited  to  a study  using  SIP  for  soldering  and  brazi ng ( ^ ' 6 ) . Sputter 
ion  plating  has  been  used  to  coat  a range  of  materials  with  nickel  or  copper,  so  that 
they  can  be  soldered  to  copper.  In  Figure  9 a section  is  shown  through  an  aluminium  base, 
nickel  coating,  solder  and  copper.  Other  materials  coated  by  SIP  include:  titanium, 
titanium  alloy,  molybdenum,  Fecralloy,  cast  iron  and  tantalum.  The  sections  have  been 
etched  lightly  in  nitric  acid  to  improve  the  visibility  of  some  of  the  layers,  and  the 
arrowheads  indicate  the  position  of  the  nickel  coating,  which  is  a few  microns  thick. 

Such  coatings  can  also  be  applied  to  ceramics  or  glasses,  and  allow  these  items  to  be 
soldered  or  brazed  conventionally  in  the  same  way  as  the  metals. 
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Figure  8 Seotion  through  Co-Cr-Al-Y  on 
nickel  deposited  by  Sputter  Ion  Plating 


Figure  9 Section  through  a nickel  film 
deposited  by  SIP  onto  aluminium  to  form 
a soldered  joint  with  copper 


CONCLUSIONS 


The  two  surface  treatment  techniques  described  in  this  paper.  Ion  Implantation  and 
Sputter  Ion  Plating,  have  each  been  shown  to  have  a wide  range  of  industrial  applications 
Ion  implantation  can  provide  considerable  protection  from  low  temperature  abrasive  wear, 
whilst  SIP  coatings  can  improve  a wide  variety  of  abrasive  or  erosive  wear  situations. 
Implanted  surface  layers  and  sputtered  coatings  can  each  be  used  as  corrosion  inhibitors, 
and  this  is  an  area  where  work  is  being  expanded.  Ion  implantation  has  the  advantage  of 
minimising  problems  of  pinholes  and  galvanic  attack,  though  both  sputtered  coatings  and 
implanted  surfaces  have  been  effective  in  reducing  various  types  of  high  temperature 
oxidation.  At  present  ion  implantation  is  the  more  industrially  oriented  of  these 
surface  treatment  methods  and  is  now  being  evaluated  in  manufacturing  applications  and 
in  advanced  materials  applications.  It  is  anticipated  that  the  more  recent  emergence  of 
sputter  ion  plating  as  a coating  technique  will  also  lead  to  full  scale  evaluations  in 
the  near  future. 
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METAL  BONDED  CARBIDES  FOR  WEAR  RESISTANT  SURFACES 

L.  F.  Norris,  V.  Silins,  M.  Adamovic  and  M.  A.  Clegg 
Sherritt  Research  Centre 
Sherritt  Gordon  Mines  Limited 
Fort  Saskatchewan,  Alberta  T8L  2P2,  Canada 


ABSTRACT 

Experiments  were  conducted  to  relate  the  wear  resistance  and  matrix  hardness  of 
metal-refractory  metal  carbide  coatings  to  the  extent  of  dissolution  of  the  refractory 
metal  in  the  coating  matrix  during  plasma  spraying.  Powders  prepared  by  coating  TiC, 
Cr3C2,  TaC  and  WC  with  nickel  or  cobalt  by  hydrometallurgical  processes  were  plasma 
sprayed  in  tests  in  which  the  heat  input  to  the  powder  particles  during  spraying  was 
varied.  Increasing  the  heat  input  generally  increased  the  amount  of  refractory  metal 
in  solution  in  the  coating  matrix  as  determined  by  microprobe  analysis.  The  matrix 
microhardness  generally  increased  with  refractory  metal  content  but  the  wear  resistance 
of  the  coatings  varied  widely  for  the  eight  systems  evaluated.  It  was  concluded  that 
the  superior  wear  resistance  of  plasma  sprayed  coatings  based  on  WC  and  Cr3C2  is  not 
simply  a consequence  of  extensive  dissolution  of  the  refractory  metal  in  the  coating 
matrix  and  must  be  related  to  a more  complex  interrelationship  of  hardness,  toughness, 
density  and  metal-carbide  bond  strength. 


I 

.1 


1.  INTRODUCTION 

Several  commercial  wear  resistant  coatings  consist  of  a dispersion  of  refractory 
metal  carbide  particles  in  a metal  matrix.  One  family  of  such  coatings  is  obtained  by 
plasma  spraying  powders  which  contain  both  a metallic  phase  and  a carbide  phase.  These 
powders  may  be  produced  by  either  solid  state  or  liquid  phase  sintering,  by  hydrometal- 
lurgical processes  in  which  the  carbides  are  coated  with  a metallic  phase  or  by  agglom- 
erating metallic  and  carbide  phases  with  an  organic  binder.  In  all  cases,  however,  there 
is  little,  if  any,  of  the  refractory  metal  from  the  carbide  in  solution  in  the  matrix  of 
the  powder.  During  thermal  spraying,  however,  there  is  sufficient  heating  to  dissolve 
some  of  the  carbide  and  the  coating  then  contains  both  undissolved  carbide  particles  and 
an  alloy  phase  with  some  of  the  refractory  metal  in  solution. 

The  objective  of  the  present  study  was  to  determine  whether  coating  performance,  as 
measured  by  wear  resistance  and  the  hardness  of  the  matrix  phase,  is  influenced  by  the 
dissolution  of  the  carbide  phase  into  the  matrix  during  thermal  spraying.  By  plasma 
spraying  several  nickel-  and  cobalt-refractory  metal  carbide  powders  under  conditions  of 
varying  heat  input  to  the  powder  particles,  variable  dissolution  of  the  carbide  phase 
was  expected.  This  variable  dissolution  was  defined  and  monitored  by  the  presence  of 
the  refractory  metal  in  the  matrix. 

It  is  well  known  that  the  solubility  of  carbides  in  nickel  and  cobalt  vary  widely. 
According  to  Edwards  and  Rained)  the  solubilities  of  WC  in  nickel  and  cobalt  at  1250°C 
are  12%  and  22%  respectively,  for  Tic,  5%  and  1%  respectively  and  for  Cr3C2,  12%  and  12% 
respectively.  Knowing  that  both  WC  and  Cr3C2  composites  have  been  more  successful  com- 
mercially than  Tic  composites,  it  was  decided  to  test  the  hypothesis  that  this  is,  at 
least  in  part,  a result  of  the  greater  dissolution  of  these  carbides  during  spraying. 
Tantalum  carbide  was  also  included  in  the  study  as  previous  tests  had  indicated  that 
satisfactory  wear  resistance  might  be  achievable. 

The  four  carbide  powders  (Macro  Division  of  Kennametal,  Inc. , Port  Coquitlam, 

British  Columbia)  were  coated  with  nickel  and  cobalt  using  Sherritt 's  hydrometallurgical 
processes (2) . Por  nickel  coatings  the  carbide  particles  were  suspended  in  a nickel 
ammine  ammonium  sulphate  solution  in  an  autoclave  and  the  nickel  was  reduced  from  solu- 
tion with  hydrogen  at  elevated  temperature  and  pressure.  Cobalt  ammine  ammonium  sulphate 
solutions  were  used  to  prepare  the  cobalt-coated  carbide  powder  after  a thin  nickel  pre- 
coat had  been  applied.  The  nickel  precoat  aunounted  to  1 - 3%  of  the  final  composite 
powder  composition  but  has  been  omitted  from  the  powder  designation,  e.g.,  18Co/2Ni/WC80 
is  reported  as  20Co/WC80.  Composite  powders  produced  in  this  fashion  have  a uniform 
coating,  the  thickness  of  which  is  generally  constant  irrespective  of  particle  size. 

The  test  program  began  with  a series  of  screening  experiments  to  define  compositions 
of  interest  for  the  plasma  spraying  experiments  which  followed.  The  latter  were  designed 
to  explore  the  effect  of  carbide  dissolution  on  the  hardness  and  wear  characteristics  of 
the  coatings. 

2.  COMPOSITION  SCREENING  EXPERIMENTS 

The  purpose  of  these  experiments  was  to  establish  metal-refractory  metal  carbide 
compositions  in  the  eight  systems  under  study  which  would  yield  plasma  sprayed  coatings 
with  hardness  and  wear  resistance  generally  comparable  to  commercial  hardfaclng  coatings. 
With  one  exception,  four  compositions  of  each  carbide-metal  combination  were  prepared; 
only  three  Ni/wc  composite  powders  were  made.  The  particle  size  distribution  of  the 
products  was  not  controlled.  All  powders  were  plasma  sprayed  with  an  Avco  PG  100  torch 
using  a spray  parameter  of  Intermediate  enthalpy: 


8-2 


t 


nozzle 
current 
voltage 
plasma  gas 
plasma  gas  flow 
powder  feed 
spray  distance 


901345-1 
700  A 
38  V 
argon 

49  1/min  at  280kPa  (40  psig) 
200  rpm 
10  cm 


The  composition  of  the  powders  and  the  matrix  hardness  and  wear  resistance  of  the  coat- 
ings are  summarized  in  Table  1 along  with  comments  from  metallographic  ex€unlnation  of 
the  coatings.  As  groups,  both  the  WC-  and  Cr3C2-containing  coatings  had  the  best  com- 
binations of  structure  and  properties.  The  Tie  coatings  had  an  extremely  wide  range  of 
wear  resistance  and  microhardness;  both  the  Ni/TaC  and  Co/TaC  coatings  had  lower  hard- 
nesses and  densities. 


From  the  above  data  and  prior  experience  at  Sherritt  with  some  of  these  composites 
the  compositions  listed  in  Table  2 were  selected  for  the  plasma  spraying  experiments  to 
be  described  in  the  next  section.  The  actual  compositions  were  close  to  the  target 
values  with  the  exception  of  the  Co/Cr3C2  where  the  cobalt  content  was  about  10%  higher 
than  planned;  none  of  the  deviations  were  expected  to  affect  the  plasma  spraying  experi- 
ments significantly.  During  preparation  of  the  powders,  significant  differences  in 
particle  size  distribution  occurred  eunong  the  eight  compositions  as  indicated  in  Table  3. 
Most  powders  had  a tight  distribution  centered  within  the  range  30-60  ym  while  both  Co/WC 
and  Co/Cr3C2  had  wider  distributions  (10-75  ym) . The  composite  powders  were  sprayed  in 
the  as-received  condition.  Careful  control  of  the  particle  size  distribution  would  be  an 
important  aspect  of  any  further  work  with  regard  to  both  composition  (the  composition 
varies  with  particle  size)  and  response  to  plasma  spraying  conditions  (particle  size 
affects  both  the  trajectory  and  final  temperature  of  the  impinging  particles) . 

3.  PLASMA  SPRAYING  EXPERIMENTS 


The  eight  carbide  composite  powders  described  in  the  concluding  paragraph  of  Section 
2 were  plasma  sprayed  with  an  Avco  PG  100  system  to  coatings  approximately  0.25  mm  thick. 
Three  sets  of  spray  parameters,  selected  to  vary  the  dwell  time  of  the  powder  particles 
in  the  plasma,  were  employed.  Increasing  the  dwell  time  was  expected  to  increase  the 
heating  effect  (which  was  not  measured  directly)  and  thereby  intensify  the  reaction 
between  the  carbides  and  their  Ni  or  Co  coating.  For  the  three  sets  of  spray  parameters, 
denoted  A,  B and  C in  Table  4,  the  size  of  the  plasma  nozzle  exit  port  opening  was  the 
principal  variable,  while  the  plasma  arc  power,  plasma  gas  flow,  powder  feed  setting  and 
spray  distance  were  held  constant.  The  sprayed  coatings  were  subsequently  characterized 
by  matrix  microhardness,  wear  resistance,  chemical  analysis  (by  electron  microprobe  as 
described  in  Appendix  A)  and  metallography. 

4.  RESULTS 


Results  of  the  above  experiments  are  shown  in  Table  5 which  contains  the  data  on 
matrix  hardness  (kg/ram^) , coating  wear  (mm^)  and  matrix  composition  of  each  coating  as 
established  by  microprobc.  ex^unination  (x) . The  final  column  in  Table  5 indicates  the 
amount  of  refractory  metal  in  solution  after  spraying,  expressed  ae  percent  of  the  total 
refractory  metal  present  in  the  powder  before  spraying  (M) . These  figures  indicate  how 
much  of  the  available  refractory  metal  has  dissolved  and  are  thought  to  be  a good  basis 
for  studying  the  effects  of  different  enthalpies. 

The  degree  of  dissolution  (M)  and  x are  correlated  with  the  heat  input  (enthalpy) 
employed  during  spraying  in  Figure  1.  The  enthalpy  values  (abscissa)  were  quantified  by 
arbitrarily  assigning  a value  of  unity  to  spray  parameter  A and  assuming  that  the  enthalpy 
provided  by  the  pareuneters  B and  C increased  linearly  with  the  increase  of  the  nozzle 
exit  port  cross-section.  (For  equal  flow  of  plasma  gas  an  increase  in  the  exit  port 
results  in  lower  velocity  of  the  plasma  gas  which  means  longer  powder  dwell  time,  i.e., 
longer  time  period  in  which  plasma-to-powder  heat  transfer  takes  place.)  Figure  1 
demonstrates  that 

- increased  plasma  enthalpy  results  in  increased  dissolution  of  the  refractory  metal 
in  the  Ni  or  Co  matrix. 

- dissolution  is  generally  higher  for  Ni  than  for  Co  matrices. 

- for  the  spray  parameters  employed,  the  solubility  in  Ni  matrices  approaches  a limit 
in  all  cases,  whereas  the  solubility  in  Co  matrices  approaches  a limit  only  in 
combination  with  WC. 

- largest  dissolution  (M)  for  the  enthalpies  employed  was  observed  for  (in  decreasing 

order):  Ni/Cr3C2,  Ni/WC,  Ni/TiC,  Co/WC. 

Figure  2 is  a plot  of  sprayed  coating  properties  as  a function  of  degree  of  dissolu- 
tion of  the  refractory  metal  M in  the  matrix.  As  expected,  the  matrix  hardness  data 
correlate  generally  well  with  the  extent  of  refractory  metal  dissolution.  Major  devia- 
tions from  the  expected  relationship  of  increasing  matrix  hardness  with  increasing  dis- 
solution can  be  observed  with  Tie  composites.  Much  more  variability,  however,  can  be 
seen  in  the  relationship  between  wear  resistance  and  the  amount  of  refractory  metal  in 
solution.  The  largest  changes  in  wear  volume  are  not  associated  with  the  largest  changes 
in  dissolved  refractory  metal.  Since,  unlike  matrix  hardness,  the  wear  characteristics 
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of  sprayed  coatings  are  influenced  directly  by  the  remaining  undissolved  carbide,  the 
data  on  wear  are  also  plotted  as  a function  of  retained  carbide  content  (Figure  3) . No 
pronounced  general  correlation  can  be  observed  in  this  case  either.  All  Co/WC  coatings 
have  excellent  wear  characteristics  irrespective  of  the  amount  of  dissolved  refractory 
metal.  The  two  materials  which  exhibit  the  largest  dissolution  (Ni/Cr3C2  and  Ni/WC) 
also  show  satisfactory  behaviour  in  wear  tests  (Coating  Wear  <0.05  mm^)  and  more  so  with 
increasing  degree  of  dissolution. 

Metallographic  examination  indicated  a decrease  in  carbide  content  in  all  coatings 
with  increasing  particle  dwell  time  in  the  plasma.  With  greater  dissolution  the  remain- 
ing carbide  particles  were  smaller  and  more  rounded,  see  Figure  4.  Exceptions  to  the 
latter  were  the  two  TiC-containing  composites  where  the  acicular  shape  of  the  carbide 
was  retained  at  all  particle  sizes,  see  Figure  5.  Particle  "pull-out"  during  metallo- 
graphic preparation  precluded  accurate  comparison  of  the  densities  of  the  coatings, 
especially  with  both  Tie  composites.  The  extent  of  particle  "pull-out"  during  metallo- 
graphic preparation  was  interpreted  as  a measure  of  the  bond  strength  between  the  carbide 
particles  and  the  matrix. 

5.  DISCUSSION 


The  expected  trend  of  increasing  dissolution  of  the  carbides  in  the  matrix  with 
increasing  heat  input  during  spraying  which  results  in  increased  matrix  hardness  was 
confirmed.  A correlation  between  carbide  dissolution  and  the  particle  size  distribution 
(i.e.,  less  dissolution  for  coarser  powders)  was  expected  but  not  established,  which 
suggests  that  other  factors  such  as  plasma  spraying  conditions,  diffusion  rates,  etc. 
had  stronger  influences. 

The  relationship  between  the  dissolution  and  the  wear  resistance  of  the  24  coatings 
tested  cannot  be  generalized  as  wear  resistance  is  a complex  function  of  the  carbide  and 
matrix  hardness  and  toughness,  the  carbide-matrix  bond  strength  and  the  coating  density. 
Indirectly,  the  melting  temperature  of  the  coating  matrix  and  the  particle  velocity  at 
the  moment  of  impact  against  the  substrate  are  also  variables  determining  coating  proper- 
ties. It  is  believed  that  the  wide  variations  in  wear  resistance  that  occurred  with 
increasing  carbide  dissolution  relate  to  undocumented  changes  in  these  above  properties. 
These  changes  appear  to  be  specific  to  the  metal-carbide  combinations  under  consideration. 
For  example,  the  wear  resistance  of  the  Co/WC  coatings  was  excellent  for  all  spray  para- 
meters investigated  and  substantially  independent  of  the  amount  of  tungsten  dissolved  in 
the  matrix.  This  composite  has  all  the  attributes  of  a successful  wear  resistant  plasma 
sprayed  coating:  the  carbide  is  very  hard  (DPH  2200-2000  kg/mm^) , is  not  unduly  brittle, 
and  also  bonds  extremely  well  to  the  cobalt  matrices.  Titanium  carbide  is  also  very  hard 
(DPH  >3000  kg/mm^) , but  is  brittle  and,  from  metallographic  evidence,  is  more  weakly 
bonded  to  cobalt  and  nickel  alloy  matrices;  the  wear  resistance  of  the  Ni/TiC  and  Co/TiC 
coatings  was  lower.  Tantalum  carbide  is  the  softest  of  the  carbides  tested  (DPH  1200- 
1400  kg/mm^)  and  exhibited  quite  different  responses  to  spray  parameter  changes  depending 
on  whether  it  was  bonded  with  cobalt  or  nickel. 

It  was  shown  that  the  three  metal-refractory  carbide  systems  with  the  best  wear 
characteristics  also  manifest  extensive  dissolution  of  the  refractory  metal  (Ni/Cr3C2, 
Ni/WC,  Co/WC) . However,  fuller  analysis  of  the  data  shows  that  extensive  dissolution  is 
neither  necessary  nor  sufficient  for  good  wear  -’sistance  (Coating  Wear  <0.05  mm^).  The 
data  also  suggest  that  poor  carbide  properties  (inadequate  hardness  and/or  brittleness) 
will  result  in  commercially  unacceptable  sprayed  coatings  regardless  of  the  degree  of 
the  refractory  metal  dissolution  in  the  matrix  (TaC  and  Tic  composites) . One  exception 
in  this  category  is  Co/TaC  where,  due  to  refractory  metal  dissolution,  the  hardness  of 
the  matrix  increases  and  seems  to  compensate  for  the  inadequate  hardness  of  the  TaC  so 
that  the  wear  characteristics  of  the  sprayed  coating  improve  with  increased  dissolution. 

For  less  critical  applications  this  composite  may  have  commercial  utility.  When  good 
carbide  properties  and  also  adequate  carbide-matrix  bonding  are  present,  such  as  in 
Co/WC,  the  increase  in  refractory  metal  dissolution  seems  unimportant  in  terms  of  sprayed 
coating  properties,  at  least  after  initial  dissolution  takes  place  (37.3%  W in  Co  for  spray 
parameter  A).  There  seems  to  be  an  intermediate  case,  however,  where  carbide  properties 
are  satisfactory  but  carbide-matrix  bonding  is  relatively  weak  such  as  in  Ni/WC  and 
Ni/Cr3C2«  In  this  case,  the  increase  in  the  refractory  metal  dissolution  improves  the 
wear  characteristics,  possibly  by  improving  carbide-matrix  bonding. 

The  study  has  shown  that  the  commercial  success  of  WC  and  Cr3C2  plasma  sprayed  coat- 
ings is  not  due  simply  to  the  extensive  dissolution  of  the  carbide  in  the  alloy  matrix. 
However,  an  improvement  in  the  wear  characteristics  has  been  correlated  with  increased 
refractory  metal  diffusion  into  the  matrix  in  some  cases  where  the  carbide  properties 
are  satisfactory  (Ni/WC,  Ni/Cr3C2) • In  addition  to  the  commercially  established  Co/WC 
and  Ni/Cr3C2  systems,  the  potential  commercial  utility  of  Ni/WC  has  been  demonstrated. 

For  less  critical  applications,  the  technical  merit  of  Co/TaC  has  also  been  shown. 
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APPENDIX  A 

CHEMICAL  ANALYSIS  OF  PLASMA  SPRAYED  COATING  MATRICES 

Obtaining  the  chemical  analyses  of  the  plasma  sprayed  coating  matrices  was  a 
challenging  part  of  the  experimental  program.  From  the  metallographio  evidence  that 
the  carbide  particles  in  the  coatings  were  smaller  than  those  in  the  powder  before 
spraying  it  was  recognized  that  the  carbide  must  be  "dissolving"  in  the  matrix.  The 
analytical  problem,  then,  was  defined  as  the  identification  and  measurement  of  the 
refractory  metal  (from  the  carbide)  added  to  the  matrix.  The  initial  experiments  were 
conducted  with  Co/WC  coatings. 

One  approach  was  to  use  the  selective  dissolution  technique  customarily  employed  to 
analyze  liquid  phase  sintered  carbides . The  sprayed  coating  was  stripped  from  its 
substrate,  ground  with  a mortar  and  pestle  and  digested  in  40%  citric  acid  at  ambient 
temperatures  for  at  least  seven  days.  The  solution  plus  the  filtrate  from  wcshing  the 
undissolved  residue  were  then  analyzed  for  tungsten.  A mass  balance  on  the  results 
indicated  incomplete  extraction  of  both  tungsten  and  cobalt.  There  was  only  partial 
extraction  when  Co/WC  composite  powder  was  similarly  analyzed.  The  cobalt  extraction 
for  Co/WC  composite  powder  reached  100%  when  boiling  5M  HCl  was  used  rather  than  citric 
acid but,  again,  very  low  values  were  obtained  from  the  plasma  sprayed  coatings. 
Moreover,  the  cobalt  extractions  varied  with  the  plasma  spraying  conditions  (lowest 
extractions  with  hottest  plasma  conditions) . This,  coupled  with  the  fact  that  the 
selective  dissolution  methods  worlced  with  commercial  liquid  phase  sintered  Co/WC  powder 
but  not  with  plasma  sprayed  coatings  from  this  powder,  showed  that  these  methods  were 
inappropriate  for  the  present  experiments. 

X-ray  diffraction  methods  were  next  explored.  Ground  portions  of  plasma  sprayed 
coatings  and  Co/WC  composite  powder  and  liquid  phase  sintered  Co/WC  powder  were  analyzed. 
Both  Co  and  WC  were  detected  in  both  powders  but  unambiguous  identification  of  Co  or  WC 
was  impossible  in  the  sprayed  coatings  where  the  patterns  contained  only  a few,  wea)c 
lines.  The  intensity  of  the  WC  pattern  decreased  further  with  hotter  plasma  conditions 
while  at  the  cooler  plasma  conditions  new,  very  wea)c  lines  appeared.  Thus  it  was  not 
possible  to  measure  the  lattice  dilation  of  the  matrix  associated  with  the  presence  of 
tungsten  and  it  was  concluded  that  x-ray  diffraction  was  not  a suitable  method  for  these 
analyses. 

The  electron  microprobe  was  then  used  for  quantitative  analysis.  Because  of  the 
chemical  non-uniformity  of  the  sprayed  coating  matrices,  statistical  treatment  of  the 
data  was  required.  It  was  found  that  the  mean  concentration  and  the  standard  deviation, 
computed  for  each  element,  could  be  used  to  characterize  the  coating  chemistry  and  were 
sufficiently  sensitive  to  permit  a correlation  of  the  coating  chemistry  with  the  plasma 
spraying  conditions. 

To  carry  out  the  microprobe  analyses  the  coating  on  a steel  bloc)t  .substrate  was 
ground  using  a 320  grit  diamond  grinding  wheel  and  then  polished  using  1 urn  diamond 
paste  on  a rotating  nylon-covered  polishing  wheel.  In  most  cases  the  unreacted  carbide 
in  the  polished  sprayed  deposit  surface  could  be  discerned  at  a magnification  of  x300. 
When  the  particles  were  difficult  to  see,  contrast  between  the  matrix  and  the  particles 
was  enhanced  by  lightly  etching  the  matrix  or  by  vacuum  depositing  interference  coatings 
onto  the  prepared  surface.  A special  polished  copper-filled  plastic  sample  holder  was 
prepared  which  contained  all  the  necessary  pure  element  reference  standards  for  the 
microprobe  analyses.  The  central  portion  of  the  holder  was  drilled  and  shaped  to  accept 
the  steel  bloc)cs  which  were  carefully  positioned  after  insertion  so  that  the  polished 
sprayed  surface  was  coincident  with  the  holder  surface.  , 

Both  wavelength  and  energy  dispersive  x-ray  detection  systems  were  used  in  the 
microprobe  analyses  of  the  cobalt-containing  deposits  while  only  the  latter  could  be 
used  for  the  niclcel  composites.  Each  sample  was  analyzed  at  twenty  randomly  selected 
areas  of  the  matrix  using  x-ra>  data  acquisition  times  of  at  least  60  s.  The  sample 
data  were  braciceted  by  reference  standard  data  so  that  microprobe  drift  could  be 
corrected  as  a linear  function  of  time.  All  the  x-ray  data  were  corrected  for  baclc- 
ground  and  deadtime  ef'^ects  and  then  converted  to  percent  concentration  using  a time- 
sharing version  of  FRAME-3  from  the  U.S.  National  Bureau  of  Standards. 

No  attempt  was  made  to  monitor  carbon  losses  during  spraying  nor  to  analyze  for 
carbon  in  the  coatings. 
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Table  2. 


Compositions  Selected  for  Plasma  Spraying  Experiments 


Target 

60Ni/TiC40 

21Co/TiC79 

49Ni/Cr3C251 

49Co/Cr3C251 

,40Ni/TaC60 

40Co/TaC60 

20Ni/WC80 

2OC0/WC8O 


Actual 

60Ni/TiC40 

19Co/TiC81 

48Ni/Cr3C252 

54Co/Cr3C246 

40Ni/TaC60 

42Co/TaC58 

20Ni/WC80 

21CO/WC79 


Table  3.  Screen  Analyses  of  the  Eight  Powders  Prepared  for 
Plasma  Spraying  Experiments' 


Screen  Fraction  (urn) 


Powder 

-10 

+10/-20 

+26/-3d 

+30/-44 

t44 

Ni/TiC 

0 

0 

32 

54 

14 

Co/TiC 

0 

20 

56 

24 

0 

Ni/Cr3C2 

0 

0 

21 

39 

40 

Co/Cr 3C2 

3 

11 

9 

6 

71 

Ni/TaC 

0 

2 

42 

48 

8 

Co/TaC 

1 

2 

2 

10 

85 

Ni/WC 

0 

40 

56 

4 

0 

Co/WC 

0 

12 

26 

28 

34 

Table  4 . Syray  Parcuneters  for  Plasma  Spraying  Experiments  with 

Ni-  and  Co-Coated  TiC,  Cr'}C2,  TaC  and  WC  Composite  p'owders 


Nozzle 

designation 


cross-section 
opening  (mm^) 


Spray  Parameter  

ABC 


SG  #1  SG  #2  SG  #3<2) 

circular  circular  circular 

16  28  45 


Argon  Plasma  Gas  Flow  (1/min)  ' 50 


50 


50 


(1)  Other  parameters  held  constant: 


Plasma  voltage  (V)  38 

Plasma  current  (A)  700 

Powder  feed 

Screw  (rpm)  100 

Vibrator  (%)  25 

Carrier  gas  (1/min)  3.5 

Spray  distance  (cm)  10 


(2)  Powder  feed  tube  5 mm  inside  nozzle  opening;  all  other  nozzles 
have  feed  tube  2 mm  outside  nozzle. 
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Table  5.  Matrix  Hardness,  Coating  Wear  Resistance  and  Matrix  Chemical  Analysis 
of  Plasma  Sprayed  Metal-Carbide  coatings 


Powder 

Composition 

Spray (1) 
Parameter 

Hardness (2) 
(kg/mm^ ) 

Coating 
Wear (3) 
(mm^ ) 

Coating  Matrix  Chemical 
Analysis (Wt  %) 

m(5) 

(%) 

Nickel 

X 0 

Cobalt 

X 0 

Refractory 

Metal 

X 0 

60Ni/TiC40 

A 

430 

0.10 

88.0 

5.7 

. 

9.7 

4.6 

20.1 

B 

720 

0.11 

77.5 

5.7 

- 

- 

17.8 

4.8 

40.6 

C 

490 

0.08 

71.9 

7.3 

- 

- 

22.1 

5.4 

53.2 

19Co/TiC81 

A 

1000 

0.10 

6.4 

3.5 

46.5 

12.1 

33.9 

11.0 

15.0 

B 

990 

0.09 

4.7 

2.4 

44.2 

18.2 

40.2 

14.1 

19.7 

C 

940 

0.17 

5.1 

3.4 

33.8 

11.0 

49.1 

9.7 

28.3 

48Ni/Cr3C252 

A 

850 

0.06 

71.2 

5.6 

- 

22.2 

4.7 

30.4 

B 

910 

0.03 

54.7 

7.4 

- 

- 

39.6 

6.6 

69.9 

C 

1130 

0.04 

48.2 

7.4 

- 

- 

44.2 

6.4 

84.4 

54Co/Cr3C246 

A 

710 

0.10 

3.6 

1.2 

76.4 

6.9 

16.1 

5.6 

26.0 

B 

720 

0.04 

3.1 

1.3 

75.2 

11.4 

17.8 

IC.O 

29.3 

C 

720 

0.22 

3.2 

1.3 

68.8 

3.2 

23.5 

3.2 

30.7 

40Ni/TaC60 

A 

500 

0.07 

75.6 

6.4 

21.0 

5.9 

18.8 

B 

660 

0.07 

64.5 

6.7 

- 

- 

29.8 

6.0 

30.2 

C 

750 

0.13 

64.4 

7.8 

- 

32.1 

7.6 

33.6 

42Co/TaC58 

A 

390 

0.09 

5.5 

5.4 

79.5 

2.0 

7.6 

8.1 

6.3 

B 

620 

0.06 

3.7 

0.7 

69.1 

5.9 

23.4 

6.2 

23.6 

C 

720 

0.05 

3.2 

0.6 

59.6 

6.3 

33.5 

6.7 

38.9 

20Ni/WC80 

A 

1020 

0.05 

41.3 

10.3 

58.6 

10.1 

37.7 

B 

1040 

0.05 

21.9 

5.0 

- 

* 

74.0 

4.5 

75.8 

C 

1040 

0.03 

22.1 

5.0 

- 

- 

73.9 

5.0 

75.8 

21CO/WC79 

A 

910 

0.03 

5.1 

1.5 

53.7 

17.8 

37.3 

18.6 

16.8 

B 

1260 

0.03 

3.3 

0.8 

31.6 

10.7 

60.9 

11.2 

44.1 

C 

1120 

0.03 

3.1 

0.9 

31.7 

12.7 

60.0 

12.0 

42.5 

(1)  See  Table  4. 

(2)  DPH  microhardness  of  matrix;  average  of  10  tests  with  100  g load. 

(3)  LFW-1  Wear  Test  - Wear  volume  in  110  m sliding  distance  under  27  kg  load  against 
hardened  steel  ring. 

(4)  Electron  Microprobe  Analyses  x = Mean  of  20  determinations;  a = standard  deviation. 

(5)  The  amount  of  refractory  metal  in  solution  after  spraying  expressed  as  percent  of 
the  total  refractory  metal  present  in  the  powder  before  spraying. 
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Figure  1.  Dissolution  of  Refractory  Metal  (M,  x)  as  a Function  of  Enthalpy  (A<B<C) 


Coating  Wear  as  a Function  of  Percent  Re fractor 


54Co/Cr 


4a.  Sprayed  with  low  enthalpy 


4b.  Sprayed  with  high  enthalpy,  X472 


Figure  4.  Microstructure  of  Co/WC  Plasma  Sprayed 


X472 


Figure  5.  Microstructure  of  Ni/TiC  Plasma  Sprayed  with  Parameter  B 
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1.  INTRODUCTION 
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Laser  treatments  are  a powerful  tool  to  perform  surface  treatments  on  materials. 

These  treatments  allow  to  modify  the  surface  structure  of  the  sample,  by  changing  some  properties, 
to  cladding  or  alloying,  to  make  coatings  or  to  treat  coatings  already  performed  by  other  methods. 

The  goodness  of  the  results  depends  on  many  parameters,  among  them  we  mention:  the  specific  power,  the 
interaction  time  and  the  shape  of  the  treating  spot  for  what  concerns  the  Laser;  the  thermal  conductivi- 
ty, the  surface  state  and  the  nature  of  the  material. 

The  laser  treatment  can  be  localized  on  Che  surface  (for  thickness  up  to  some  millimiters)  without 
affecting  the  bulk.  This  characteristic,  together  with  the  reproducibility  and  rapidity  of  the  treatments, 
make  this  technique  an  unique  tool  to  confer  new  properties  to  the  materials.  In  this  paper  we  want  to 
show  same  examples  of  applications  of  the  high  power  laser  (15  kw,  10.6  um)  to  the  problem  of  the  super- 
alloys. 
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2.  THE  LASER  TREATMENT 

It  is  possible  to  show  many  cases  in  which  the  Laser  can  be  employed,  without  competitive  methods. 

For  example,  in  the  case  of  ceramic  coating  (e.g.  ^^2^3^  plasma-sprayed  on  super-alloys,  the  repor- 
ted layer  presents  porosity  typical  of  this  Kind  of  deposition,  that  cannot  be  removed  by  conventional 
heat  treatments  because  of  the  higher  melting  point  of  ceramics  with  respect  to  the  metallic  phases. 

By  controlling  the  creating  parameters  it  Is  possible  to  restrict  the  effect  of  the  laser  radi- 
ation just  on  the  ceramic  layer  so  that  It  can  locally  melt  and  compact  without  problems  for  the  metal. 

Also  the  Interface  can  be  Improved  In  consequence  of  a correct  treatment.  Moreover,  It  Is  possible 
to  obtain  oriented  surface  structure  with  elongated  grains  In  some  preferential  direction  without 
changing  the  Isotropy  of  the  bulk.  This  could  be  helpful  to  enhance  surface  mechanical  properties  in 
that  direction  (i.e.  fatigue).  It  Is  necessary  to  avoid  laser  energy  loss  by  radiation  reflection  on 
the  surface  in  order  to  reach  correctly  the  planned  working  conditions.  Blackening  (i.e.  by  a graphite 
thin  cover)  and  sand  blasting  are  two  commonly  employed  techniques.  To  determine  the  correct  parameters 
of  treatment  it  is  necessary  to  know  what  happens  when  a wave  train  of  electromagnetic  energy  reaches 
the  surface  of  the  sample  to  be  treated. 

Thermal  effects  on  metals  due  to  a laser  beam  can  be  theoreticaly  treated  by  using  Maxwell's  equations 
for  what  concerns  electromagnetic-waves  and  metals  interaction  and  by  applying  the  equation  of  heat 
diffusion  for  what  concerns  the  temperature  distributions. 

As  well  known,  a solution  of  Maxwell's  equations  at  the  surface  of  a semi-infinite  solid  for  a 
normal  impinging  plane  wave  is  ■ 

E ■ E exp  lu) 
o 

n ■ real  part  of  complex  refractive  index 
N ■ imaginary  part  of  complex  refractive  index 

From  this  equation  one  defines  the  skin  depth 

^ ^ c where  c ■ light  velocity 

yiTfoui  a • electrical  conductivity 

0)  ■ frequency 


. nz  . . Ku)Z. 

( t)  exp  ( ) 

c c 

6 for  a metal 


ii 


) 
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The  damping  of  the  wave  causes  heating  by  Joule  effect  in  the  surface  absorbing  layer. 


We  can  account  for  this  heating  by  applying  the  equation 


thermal  diffusivity 
thermal  conductivity 
depth  inside  the  sample 


in  which  we  neglect  variations  in  thermcphysical  properties  of  the  material  whit  temperature  (e.g.« 
the  model  doesn't  take  into  account  phase  changes  or  melting).  A(z)  is  the  neat  produced  for  unit  volume 
and  unit  time.  The  boundary  condition  to  describe  heat  diffusion  is 


It  can  be  shown  that  in  the  care  of  metals 
narrow  layer,  we  can  handle  the  problem  by  writing 


due  to  the  fact  that  absorption  occurs  in  a very 


with  the  new  boundary  condition 


where  F is  the  entering  power 


The  well-known  solution  then  is 


/(2^t) 


erfc(x)  • 1 - erf(x) 


An  exemple  is  reported  in  picture  1 


With  F.  - 12.6  Kw/cm^  a - 0.22  cm^/S  | K - 0.8  W/cm^  K/t  - 0.03  S 


which  corresponds  to  the  case  of  a Nickel  alloy 


Actually  the  laser  source  is  not  so  clean  as  here  supposed;  infact  because  of  the  finite  size  of 
the  beam,  boundary  effects  around  the  affected  zone  are  present;  moreover,  the  interaction  time  is 
obtained  by  moving  the  sample  during  laser  treatment  and  the  rectangular  shape  of  the  beam  is  obtained  by 
a fast  waving  of  the  gaussian  spot  with  a frequency  of  120  Hz  in  one  direction  and  60Hz  in  the  other  one. 
By  moving  too  fast  the  sample  under  the  spot  one  can  see  this  sinuosoidal  oscillation  (Fig.  2). 


3.  EXPERIMENTAL  RESULTS 


Samples  of  Inconel  X - 750  have  been  submitted  to  laser  treatments  to  check  the  possibility  of 
performing  grain  refinement  on  the  surface.  This  is  made  possible  by  the  fast  cooling  of  the  material 
after  laser  treatment. 


The  grain  sizes  and  the  depth  of  the  treated  layer  depend  upon  the  power  and  the  time  of  interaction 
between  laser  beam  and  surface. 


In  Fig.  3 is  shown  the  surface  structure  (highly  dendritic)  obtained  by  setting  a power  of  22 
Kw/cm^  with  interaction  time  of  0.2  seconds.  The  depth  of  the  melted  zone  is  about  300  p.  As  one  can  see, 
the  dendrites  are  oriented  toward  the  surface,  following  to  the  direction  along  which  heat  is  lost. 


Hardness  neasurement  carried  out  on  this  sample  give  an  increase  of  102  between  treated  and  not 
treated  material. 
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Another  example  is  shown  in  Fig.  A,  in  which  refinement  was  obtained  by  different  parameters  • 
Pw  - 15  Km/cm^  T”  0.570  S.  The  depth  of  melting  was  about  250y  ; Sand-blasting  was  always  performed 
on  the  sample  before  laser  treatment. 

The  same  alloy  (Inconel  X-750)  was  coated  by  plasma  sprayed  Al2®3  then  laser  treated. 

Purpose  of  it  was  to  improve  the  structure  of  the  coating  which  as  well-known  is  quite  porous. 

This  treatment  requires  very  different  powers  and  interaction  times;  that's  due  to  the  dielectric 
behaviour  of  ^^2^3*  absorption  and  thermophysiccl  properties  are  quite  different  from  metals. 

The  best  results,  for  what  concerns  porosity  content,  were  obtained  with  power  of  A,8Kw/cm^  and 
interaction  times  of  0.300  s.  (Fig.  5). 

Also  the  goodness  of  the  interface  structure  (between  metal  and  *^2^3^  checked;  cracks  were  not 
observed  as  in  the  case  of  not  treated  coating.  Moreover,  the  effect  of  overlapping  of  contiguous  scanning 
traces  was  taken  into  account: 
long  cracks  were  detected  in  this  zone. 

With  power  density  similar  to  that  used  in  the  case  of  metal  surfaces  we  have  got  an  uncontrolled 
melting  of  *12^3’  droplets  formation  due  to  surface  tension  phenomena  and  the  result  is  an  increase 

in  porosity  content.  (Fig.  6). 

Ni-Cr-Al 

Samples  of  In  738  LC  were  coated  by  plasma-sprayed  Ni-Cr-Al.  The  structure  of  the  coating  is  shown 
in  figure  7,  where  one  can  easily  observe  oxides  and  pores  as  well  as  droplets  splatted  by 
plasma-spray.  As  previously  done,  by  applying  the  equation  of  heat  diffusion,  the  laser  parameters  to 
be  used  were  fixed:  Pu  V 20  Kw/cm^  T 'V  30  ms.  In  this  way  only  the  coating  is  drawn  to  the  melting 
point,  without  affecting  the  base  material. 

The  results  are  shown  in  Fig.  7:  it  can  be  seen  how  tb'i  morphology  is  modified,  with  a very  fine 
dendritic  structure. 

The  treatment  is  not  homogeneous  because  of  the  short  time  of  interaction  employed  that  reveals 
the  oscillating  structure  of  the  beam,  and  more  treatments  are  required  to  get  a homogeneous  treatment. 

In  the  observed  coating  there  is  no  evidence  of  porosity  or  large  inclusions  and  the  interface  is  quite 
good. 

Unfortunately,  it  must  be  underlined  the  presence  of  surface  cracks,  to  be  referred  to  thermal 
stresses. 

The  same  kind  of  treatment  was  performed  on  In  738  LC  uncoated,  but  only  sand-blasted.  Melted 
zones  are  obtained  at  the  surface  with  a very  fine  structure,  quite  similar  to  these  obtained  in  coated 
samples.  (Fig.  8). 

Microhardness  measurements  carried  out  in  the  surface  zone  show  a slight  decrease  in  hardness 
as  compared  to  the  base  material  (from  AAO  to  A80HV) . 

CONCLUSIONS 


The  examples  presented  are  sufficient  to  show  the  possibilities  of  the  laser  treatments. 

As  concerns  the  coatings  of  ^^2^3’  corrosion  resistance  at  room  temperature  is  well  known. 

The  reduction  of  porosities  avoids  the  diffusion  of  the  aggressive  agents  through  the  coating  and 
the  protective  action  of  the  Al2®3  enhanced. 

Also  in  the  case  of  metallic  coatings,  o.g.  Ni-Cr-Al,  an  improvement  of  the  performances  is  expected 
in  view  of  the  better  homogenity  conseguent  to  the  treatment. 

In  any  case  it  is  necessary  to  carry  out  experimental  tests  in  order  to  evaluate  quantitatively  how 
much  the  surface  yrn^erties  are  modified. 


In  particular,  it  is  interesting  to  study  the  grain  boundary  corrosion  on  laser  treated  surfaces  and 
the  fatigue  properties  of  the  oriented  grains. 


material 


treated 


Fig.  3:  Inconel  X750  before  and  after  Laser  treatment 


Inconel  X-750 


not  treated 


Interface 


Fig.  5:  Plasma  sprayed  A1  0 coating  before  and  after  Laser  treatment 


In  738  LC 


coated  by 


plasma-sprayed 


300  X 


Ni-Cr-AI 


mtim 


treated  by  laser 


i'W*  V-, 


Fig.  7:  Plasma  sprayed  Ni-Cr-Al  coating  before  and  after  Laser  treatment 
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PLASTICITY  MODELLING 

Prof.G.W.  Rowe 
Mr,  P.  Hartley 
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Birmingham,  P.O.  Box  363,  Birmingham, 

B15  2TT,  England. 

SUMMARY 

This  paper  will  present  a brief  review  of  some  of  the  more  coionon  theoretical  and  experimental 
techniques  used  today  for  the  analysis  of  plasticity  problems,  with  particular  reference  to  their 
application  in  metalworking  processes. 

Part  One  deals  with  the  well-known  Slip  Line  Field  and  Upper-Bound  techniques,  but  also  discusses 
the  more  recent  developments  of  these  methods  involving  the  use  of  computers.  Visioplasticity , Flow 
Function  Theory  and  Variational  Methods  are  also  mentioned.  Recent  improvements  in  the  digital 
computer  and  the  available  facilities  have  led  to  the  widespread  use  of  the  Finite  Element  Method. 

Its  application  to  metal-forming  problems  will  also  be  discussed. 

Part  Two  deals  with  experimental  work  which  has  largely  been  dominated  by  the  Visioplasticity 
technique  and  simple  experiments  involving  the  use  of  model  materials  such  as  plasticine  and  soft  metals, 
A new  technique,  that  of  using  photoelastic  models  to  predict  plastic  deformation,  is  also  discussed. 

PART  ONE 

THEORETICAL  TECHNIQUES 

SLIP-LINE  FIELD  THEORY 

The  slip  line  field  method  has  become  one  of  the  most  popular  techniques  for  the  analysis  of  metal- 
working problems.  A number  of  authors  discuss  in  depth  its  theory  and  extensive  applications  (1-5). 
Although  the  assumptions  of  a rigid  plastic,  non-hardening  material  may  be  considered  unrealistic, 
accurate  predictions  of  forces  and  metal  flow  can  be  obtained.  The  first  step  in  the  slip-line  field 
approach  is  to  identify  the  deforming  areas  of  the  specimen.  This  is  done  by  constructing  a network  of 
orthogonal  lines.  The  path  of  the  lines  is  indicated  from  the  directions  of  the  maximum  shear  stress, 
(assumed  to  coincide  with  the  directions  of  maximum  shear  strain  rate).  The  limits  of  the  network  or 
field  are  determined  from  the  surface  boundary  conditions,  (friction  or  shear  stress),  and  the  geometry 
of  the  process.  The  extent  of  the  field  defines  the  plastic  zones.  If  the  lines  whose  clockwise 
rotation  is  towards  the  areas  of  highest  pressure  are  referred  to  as  a-lines  and  the  orthogonal  ones 
6-lines,  the  following  well-known  relationships  between  local  hydrostatic  pressures  p and  the  rotation 
of  the  lines  apply. 


dp  2k. d4)  “ 0 — a-line  — — (1) 

dp  - 2k. d0  * 0 6-line  (2) 

Similarly  for  the  velocity  distribution, 

du  - v.d^  ■ 0 —a-line  (3) 

dv  - u.d(>  = 0 — -6“line  — — (4) 


With  the  simple  relationships  in  Eq.(3)  and  Eq.(4)  the  slip-line  field  method  is  powerful  for  the  analysis 
of  metal  flow  problems.  The  velocity  distribution  is  however,  more  commonly  assessed  by  a much  quicker 
graphical  method.  Figure  I illustrates  a typical  slip-line  field.  Slip-line  fields  have  been  found 
to  be  of  use  in  the  study  of  metal  cutting,  an  area  in  which  strain-hardening  is  of  some  importance. 

The  influence  of  this  phenomenon  has  been  included  in  the  following  relationships  (6), 


(5) 


Sk 

dp  - 2k.d4>  - *9s  * 0 6-line  (6) 

— 6 

as 

a 

The  preceding  formulae,  Eqs.(l-6)  apply  to  plane-strain  only,  but  since  axi-symmetric  conditions  are 
common  in  practice  attempts  have  been  made  to  incorporate  the  slip-line  approach  into  these  areas.  The 

resulting  relationships,  given  below,  are  somewhat  complex  and  have  not  found  common  use. 

dp  + 2k. d0  + (o  + p - k.Cot(^)^  * 0 a-  line  (7) 
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To  avoid  this  complexity  Thomsen  and  Frisch  (7)  and  Rowe  and  Hartley  (8)  used  plane-strain  slip-line 
fields  to  approximate  to  the  working  loads  and  flow  patterns  respectively  in  axial-symraetry. 

The  rapid  development  of  the  computer  has  been  the  stimulus  for  much  of  the  more  recent  developments 
in  the  use  of  slip-line  fields.  Dewhurst  and  Collins  (9)  formulated  a matrix  technique  which  required 
a computer  to  perform  the  large  number  of  calculations  required.  Dodd  and  Osakada  (10)  presented  an 
analysis  of  wedge  indentation,  using  a computer  to  determine  and  draw  the  slip-line  fields  for  wedges  at 
various  angles.  Computers  have  also  been  used  to  draw  slip-line  fields  at  various  stages  of  deformation 
in  backward  extrusion  (11) . Work  by  Rowe  and  Li  (12,  13)  shows  slip-line  field  solutions  prepared  by 
computer  for  constant  friction  and  constant  interface  shear.  It  is  important  to  note  that  slip-line 
fi^ld  solutions  are  unique  only  to  an  instantaneous  step  in  the  deformation,  since  even  small  changes  of 

shape  may  result  in  a change  in  the  boundary  conditions.  This  may  be  overcome,  with  the  aid  of  a 

computer,  by  reassessing  the  slip-line  field  after  each  small  increment  of  deformation  in  order  to 
develop  a solution  for  a large  range  of  deformation  (8). 

UPPER  BOUND  THEORY: 

The  upper-bound  method  (14)  has  primarily  been  used  for  the  analysis  of  forming  loads.  The  inherent 
assumption  is  that  the  work  done  in  forming  is  equal  to  the  dissipation  of  internal  energy  together  with 
frictional  work.  If  the  stress  system  is  thus  deduced  from  an  assumed  mode  of  deformation  the  forces 
will  be  equal  to  or  greater  than  those  actually  required;  the  solution  is  thus  an  upper-bound.  If  the 

rate  of  dissipation  of  internal  energy  is  denoted  by  E,  then  the  internal  energy  can  be  expressed  as,  (2), 


E 


o €.dv  ♦ 

V 


TU.ds 

s 


(9) 


The  first  term  in  the  expression  represents  the  work  done  within  a homogeneously  deforming  zone  and  the 
second  term  represents  the  work  rate  along  a velocity  discontinuity  or  along  a surface.  Since  the 
external  work  is  a function  of  the  applied  load,  equating  Eq.(9)  with  an  expression  for  the  work  done 
will  enable  the  load  to  be  evaluated.  In  order  to  ascertain  the  internal  energy  with  reasonable  accuracy 
the  billet  is  divided  into  a number  of  sections,  each  being  analysed  separately.  Kudo  (15)  established 
a method  where  the  billet  is  divided  into  a number  of  rigid  triangles.  Fig. (2).  The  arrangement  of 
these  which  resulted  in  a minimum  internal  energy  dissipation  was  considered  as  the  most  accurate.  The 
velocity  field  must,  of  course,  be  self  consistent  and  satisfy  the  velocity  boundary  conditions.  The 
assumption  of  rigid  zones  within  which  there  is  no  deformation  must  result  in  the  first  term  of  Eq.(9) 
being  equal  to  zero.  In  the  second  term,  z is  equal  to  zero  for  a frictionless  interface  or  k for  an 
internal  shear  line  or  sticking  surface.  This  results  in  the  simplification  of  Eq.(9)  for  velocity 
discontinuities  under  plane  strain  conditions  to  the  following, 

n 

E - kus  (10) 

1 

The  upper  bound  technique  has  been  adapted  for  axially  symmetric  problems  (16).  In  this  case  the  rigid 
triangles  or  other  shapes  are  constructed  on  diametral  sections.  Kobayashi  (17,18),  improved  the  axi- 
symmetric  technique  by  considering  rigid  triangles  with  curved  rather  than  straight  boundaries. 

McDermott  and  Brataley  (19)  have  proposed  a similar  approach.  Chen  and  Ling  (20),  in  their  examination  of 
axisymmetric  problems,  extended  the  method  to  look  at  cosine,  elliptic  and  hyperbolic  shaped  dies. 

Another  extension  of  the  method  has  been  proposed  by  Johnson  and  Kudo  (21)  who  used  the  upper  bound 
approach  to  evaluate  the  temperature  distributions  in  axi-symnetric  extrusion.  This  was  done  by 
considering  a relationship  between  the  temperature  changes  and  the  internal  energy. 

Although  the  upper-bound  method  has  been  used  very  successfully  in  thean.^ysis  of  forming  loads,  its 
application  to  study  metal  flow  has  been  somewhat  limited.  This  is  mainly  because  the  division  of  the 
billet  into  relatively  large  rigid  zones  does  not  allow  any  detailed  analysis  and  the  resulting  solutions 
are  not  necessarily  unique.  Adie  and  Alexander  (22)  improved  this  situation  a little  by  introducing  a 
graphical  method  for  determining  the  velocities  in  each  rigid  unit. 

VISIOPLASTICITY: 


The  visioplasticity  method  (23)  is  a technique  for  evaluating  the  stress  distributions  in  forming 
problems  from  the  experimental  observations  of  the  metal  flow.  The  experimental  work,  which  will  be 
discussed  in  detail  in  part  2,  consists  of  determining  the  nodal  displacements  of  a square  grid  etched 
onto  the  billet  in  the  plane  of  interest.  The  theoretical  part  of  the  analysis  proceeds  once  the  nodal 
point  displacements  have  been  established;  From  these  results  the  velocity  and  strain-rate 
distributions  can  be  evaluated.  The  following  formulae,  derived  from  the  equilibrium  equations  and 
the  Levy-Mises  plasticity  equations,  can  be  applied  (2),  for  rigid-plastic  material  in  plane-strain. 
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Thus  the  stress  distribution  for  plane  strain  sxial-symmetry  can  be  evaluated.  Two  methods  of  solution 
of  equations  (11)  and  (12)  may  be  used;  (a)  a graphical  method  (23)  and  (b)  a mathematical  approx- 
imation technique  (24) . 

(a)  Graphical  method:  If  the  axial  and  radial  velocities  are  U and  V,  and  the  axial  and  radial 

distances  are  z and  r respectively,  then  four  graphs  can  be  drawn.  (i)  u - r (ii)  u - z 
(iii)  V - r (iv)  v - z.  The  slopes  of  these  curves  may  then  be  used  to  evaluate  the  various  strain 
rates,  i.e. 


3u 
3z  ' 
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3v 
3r  ’ 


3v  ^ 3u 
3z  3r 


Further  graphs  of  strain  rate  against  radial  position  may  then  be  plotted  and  the  generalised  strain  and 
stress  evaluated.  The  formulae  in  Eq.(ll)  and  Eq.(12)  may  then  be  solved. 

This  somewhat  tedious  and  lengthy  operation  has  been  greatly  improved  by  the  use  of  a computer  to 
determine  the  various  solutions  (25,  26). 

(b)  Mathematical  approach:  The  initial  step  in  this  technique  is  to  approximate  the  experimental 

flow  lines  with  a sixth  order  polynomial  expression. 

Taking  the  case  of  axial  symmetry  as  an  example;  if  a function  i(j,  is  defined  as  the  rate  of  volume 
flow  through  a circular  cross-section  or  radius  r,  then; 


'!>  = 


I the  axial  velocity  may  then  be  written 

I 

i since  there  is  no  volume  change  in  plastic  deformation  the  flow  function  must  be  constant  at  any  inter- 

^ face  or  free  surface.  If  it  is  assumed  that  in  steady  flow  the  total  volume  passing  between  any  two 

: stream  lines  will  be  constant  for  all  positions  along  the  axis  then: 
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(14) 


d^  = (|i)  dr  + (||)  dz  - 0 


(15) 


‘1 


Since  it  is  possible  to  determine  ilf  as  a function  of  r and  z,  the  axial  and  radial  velocities  and 
hence  the  strain  and  stress  distributions  can  be  evaluated. 

FLOW  FUNCTIONS: 

A drawback  of  the  visioplasticity  method  is  the  need  for  an  initial  experiment  to  be  performed. 
Shabaik  (27,  28)  attempted  to  avoid  this  problem  by  developing  a purely  theoretical  approach.  If  the 
velocity  components  u,  v,  are  expressed  in  terms  of  a function  referred  to  as  the  flow  function, 
this  will  yield. 
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The  strain  rates  and  stress  components  can  also  be  expressed  in  terms  of  the  flow  function  and 
substitution  of  the  various  terms  into  the  equilibrium  and  plasticity  formulae  will  yield. 
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where 


Thus  evaluating  the  flow  function  at  any  position  will  yield  the  velocity,  strain  rate  and  stress 
distributions.  Although  the  results  of  this  method  show  very  good  agreement  with  those  revealed 
by  experiment  (Fig. 3)  It  has  found  very  little  use  except  In  analyses  of  forward  extrusion. 

FINITE  ELEMENT  ANALYSIS: 

The  finite  element  method  (29)  is  the  most  recent  theoretical  approach  to  be  used  for  the 
solution  of  metalforming  problems.  Originally  developed  for  the  solution  of  elastic  problems, 
particularly  In  the  aircraft  Industry,  Its  use  has  now  spread  to  niar^  other  fields.  The  diversity  of 
finite  element  applications  has  closely  accompanied  the  rapid  development  of  the  digital  computer  and  a 
number  of  authors  have  applied  the  technique  to  metalforming  (30  - 43)., 

The  finite  element  method  basically  consists  of  four  steps: 

(1)  the  model  Is  divided  Into  a number  of  discrete  elements 

(11)  the  stiffness  matrix  for  each  element  and  subsequently  the  complete 

model  Is  established. 

(Ill)  applied  forces  and  boundary  conditions  are  Imposed  and  the  resultant 
displacements  of  each  element  nodal  point  Is  determined 
(Iv)  further  Information  such  as  the  stress  and  strain  distributions  may 
then  be  evaluated. 


The  strain  within  a simple  triangular  element  can  be  related  to  the  nodal  point  displacements  by  first 
assuming  a linear  relationship  of  the  form. 


u * + a2X  + a3y  — — (18) 

V ■ 04  + a^x.  ♦ ogy  (19) 


where  are  constants. 

The  strain  components  can  thus  be  related  to  the  nodal  point  displacements  In  the  following  form. 


{£}  - tB|{q) 


(20) 


Where  [b]  is  a matrix  whose  coefficients  are  determined  from  the  local  co-ordinate  system  of  the  element. 
The  stress-strain  relationship  for  elasticity  is  given  by, 


‘'ij  ■ ^^ij  * *ij  T^v-^kk> 

Which  in  matrix  form  is, 

{0}  - [d]{e} 


(21) 


(22) 


For  plastic  deformation  incremental  stress  strain  is  needed  which  necessitates  the  inclusion  of  the 
plastic  component. 
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Incorporating  the  Mises  yield  criterion,  o'.,  o'..  = 4 o^ 

’ ij  ij  3 

The  incremental  stress-strain  relationship  can  be  written  as. 


(23) 


do. . = 
ij 


(dc..  - 6..  - — ^ de 

1+v  ij  ij  l-2v  kk 
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where,  S = o^  {1  + 
or  in  matrix  form, 

{Ao}  = [d]  {Ae} 


(24) 


(25) 


Now,  if  a virtual  displacement  {6q}  is  applied  to  the  nodes  then  the  external  work  done  by  the  applied 
forces  {Q}  can  be  equated  to  the  internal  work, 


{Q}{6q}  = J {o}{6e}^  dv  (26) 

Substitution  of  Eqs.(20)  and  (22)  in  (26)  will  yield, 

{Q}  = |b|'^|d][b]  .{q}  (27) 

or  {Q}  = [K]{q}  (28) 


for  a linear  elastic  process,  and  similarly. 


{AQ}.  = [kJ._^  {Aq}. 


(29) 


for  the  incremental  elastic-plastic  relationship. 

The  above  method  has  been  used  in  the  analysis  of  extrusion-forging  (34),  Fig, (4),  plane  strain  and 
axi-symmetric  compression  (35,  36),  hydrostatic  extrusion  (37),  and  flat  punch  indentation  (38).  Various 
details  such  as  internal  flow,  change  of  shape,  stress  and  strain  distributions  and  working  loads  have 
been  considered.  Gordon  and  Weinstein  (39)  adopted  a slightly  different  approach  in  their  analysis  of 
plane-strain  drawing  by  developing  the  force-displacement  relation  in  the  form, 

[AF]  + [at]  = [k]  {AU}  (30) 

where  [af]  and  [atJ  are  defined  as  the  applied  forces  and  surface  tractions  respectively,  Kobayashi  et 
al.  (40  - 42)  have  introduced  a rigid-plastic  analysis  in  the  form  of  a matrix  method  which  was  used  to 
analyse  axi-symmetric  compression  of  cylinders,  cold  heading  (Fig.  5),  and  ring  compression.  The 
method  required  an  iterative-incremental  approach  which  involved  the  minimisation  of  a function  (|>,  where. 
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Sharman  (43)  used  an  approach  whereby  plastic  deformation  was  approximated  by  use  of  the  elasticity  [ 

relations,  assuming  Poissons  ratio  « 0.5: 


i.e. 


e . . 


ij 


(32) 


However  with  v * 0.5,  the  formulation  could  not  be  solved  because  (1  - 2v)  appears  in  a denominator, 

V was  therefore  approximated  close  to,  but  not  equal  to  0.5.  A reasonable  analysis  of  the  stress  and 
strain  distributions  in  forward  extrusion  was  presented  with  v » 0.49999. 

VARIATIONAL  METHODS 

The  calculus  of  variations  can  be  applied  to  metal-working  in  various  ways,  one  of  which  is  the 
upper-bound  technique  described  earlier.  A promising  method  recently  applied  in  engineering  (44,  45) 
uses  weighted  residuals.  An  approximate  solution  is  postulated  and  progressively  improved  by  finding 
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functions  that  minimise  residual  errors. 

The  vroblem  is  set  up  in  terms  of  integral  or  differential  equatioiis  and  a solution  is  postulated 
that  should  be  consistent  with  boundary  conditions  and  the  stress-strain  relationship  for  the  material. 


For  example,  the  differential  equations  may  be  given  as 

Dj  rf(x)]  “ fjCx)  and  D2 


-(34). (35) 


respectively  in  the  body  continuum  and  at  the  boundaries*  A trial  function  f*(x)  is  postulated  in 
terms  of  discrete  position  co-ordinates  x. 


f*(x)  =•  [ A.  i)..  (x) 

i=l 


This  must  sati.sfy  the  continuity  equations, 


and  the  stress  equations. 
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for  the  deforming  body,  but  it  will  in  general  differ  from  the  time  continuous  function  f(x),  the  error 
or  residual  being. 


-(40) 


E(x)  - I Dj  [41  (x)]  - f(x) 

which  depends  on  the  function  4>  and  the  choice  of  parameters  A.  . The  function  of  discrete  variables 
is  then  modified  by  selecting  weighting  factors  W.  to  reduce  the  error  as  nearly  as  possible  to  zero. 


w. (x) .E(x) .dv 


Using  a least  squares  method,  with  variables  A^,  this  is  equivalent  tu  finding 
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so, 
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giving  the  individual  weighting  factors. 

The  process  is  lengthy  and  requires  considerable  computation,  but  complete  solutions  have  been 
obtained  (46)  . 
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PART  TWO 

EXPERIMENTAL  TECHNIQUES 

Metalforming  experiments  may  be  divided  into  two  categories, 

(i)  Observation  of  internal  deformation,  from  which  stress  and  strain  distributions  and  other  details 
may  be  obtained. 

(ii)  Simulation  of  metalforming  processes  by  the  use  of  cheaper  and  softer  model  materials  in  order  to 
predict  deformation  characteristics  in  the  actual  process. 

(i)  OBSERVATION  OF  INTERNAL  DEFORMATION 

This  area  of  experimental  work  may  again  be  subdivided, 

(a)  observation  byraeansof  grids  marked  on  relevant  sections  prior  to  deformation: 

(b)  observation  subsequent  to  deformation  by  etching  the  deformed  surfaces. 

(a)  Observation  by  preformed  grids. 

This  approach  basically  consists  of  preparing  specimens  in  two  halves  with  a grid  marked  on  one  of 
the  mating  surfaces.  Examination  of  the  grid  after  a small  increment  of  deformation  illustrates  how  the 
material  has  moved,  which  leads  to  an  analysis  of  the  stress,  strain  and  velocity  distributions.  Methods 
adopting  this  type  of  approach  are  normally  referred  to  as  visioplas ticity  techniques.  One  of  the 
earliest  developments  of  this  method  was  that  of  Thomsen  and  Lapsley  (47).  In  their  examination  of 
axisynmetric  forward  extrusion,  a lead  billet  was  cut  in  half  along  its  axis.  A regular  square  grid  was 
then  scribed  onto  one  of  the  mating  meridian  surfaces.  The  two  halves  of  the  billet  were  then  replaced 
in  the  die  and  a small  increment  of  deformation  applied.  When  the  billet  was  removed,  and  the  halves 
separated,  the  internal  flow  was  clearly  revealed.  The  displacements  of  the  grid  intersection  points 
from  their  initial  positions  were  then  used  to  determine  the  stress,  strain-rate  and  velocity  distribu- 
tion through  the  specimen.  The  procedure  for  determining  the  various  values  is  that  given  in  section 
one  of  this  paper.  Processes  such  as  extrusion-forging  (48),  (Fig.2)»  rolling  (49),  drawing  (50), 
forging  (51)  and  even  machining  (52)  have  been  examined  by  the  use  of  square  grids.  In  each  case  the 
grids  were  prepared  by  cutting  or  scribing  the  complete  grid  onto  one  surface.  In  order  to  reduce  the 
surface  deformation  caused  by  this  type  of  preparation,  Haroed  (53)  prepared  his  specimens  for  backward 
extrusion  with  horizontal  grid  lines  on  one  half  and  vertical  grid  lines  on  the  other.  When  the  two 
halves  were  reassembled  a complete  square  grid  was  formed.  A much  improved  technique,  called  the  photo- 
resist method  (54,  55),  has  recently  been  developed.  This  involves  the  preparation  of  a grid  on  the 
mating  surface  using  a photographic  technique  which  almost  completely  removes  any  surface  deformation. 

The  mating  surface  of  each  half  of  the  billet  must  be  carefully  ground  flat  and  highly  polished,  normally 
finishing  with  lym  diamond  powder  on  the  hard  plate  to  avoid  rounding  of  the  edges.  One  of  the  specimen 
halves  is  then  prepared  for  the  photographic  process  by  degreasing  in  5%  NaOH  followed  by  immersion  in 
35%  HNOj.  The  polished  surface  is  then  washed,  allowed  to  dry  and,  under  red  or  yellow  light,  coated 
with  a 2:1  mixture  of  a commercial  'metal  etching  reagent*  and  thinners.  The  thickness  of  the  film  must 
be  kept  as  uniform  as  possible,  usually  helped  by  spinning  the  specimen  when  the  solution  is  applied. 

When  dry  a negative  of  the  required  grid  is  held  in  tight  contact  against  the  surface  and  exposed  under 
ultra  violet  light.  The  emulsion  is  then  developed  in  a commercial  developer  followed  by  washing  and 
drying.  When  the  specimen  has  cooled  the  surface  is  etched  with  a 10%  NaOH  solution.  The  final  grid  of 
hardened  emulsion  is  thus  clearly  revealed.  When  a small  increment  of  deformation  is  then  applied  to 
the  reassembled  specimen,  the  half  without  the  grid  reveals  the  highly  deformed  plastic  regions,  while 
detail  can  be  measured  from  the  grid.  A similar  approach  has  been  used  by  Rowe  and  Shin  (2,  56)  to 
determine  slip-line  fields  experimentally.  This  uses  a circular  rather  than  a square  grid  (Fig.  6), 
also  prepared  by  the  photo-resist  techniques.  During  a small  increment  of  deformation  the  circles  will 
deform  into  ellipses  whose  major  axes  are  assumed  to  coincide  with  the  direction  of  principal  strain. 
Using  a large  magnification,  small  lines  are  drawn  at  the  centre  of  each  ellipse  at  45°  to  the  direction 
of  principal  strain.  The  lines  drawn  give  the  direction  of  maximum  shear  strain  assumed  to  coincide  with 
the  directions  of  maximum  shear  strain  rate  and  maximum  shear  stress.  By  following  the  direction 
indicated  at  each  ellipse  centre,  a complete  experimental  slip  line  field  may  be  drawn.  Slip-line  fields 
prepared  in  this  manner  on  work-hardened  aluminium  show  extremely  close  correlation  the  those  predicted 
theoretically. 

(b)  Observation  by  etching  subsequent  to  deformation 

Etching  a section  of  a billet  subsequent  to  the  deformation  will  obviously  not  provide  the  detail 
evident  in  the  previous  technique.  However,  etching  to  reveal  the  grain  or  fibre  structure  can  delineate 
areas  of  high  deformation,  the  homogeneity  of  the  specimen  and  the  approximate  strain  distribution. 

This  method  of  studying  the  billet  after  deformation  is  very  common.  Hopson  et  al,  (54)  studied  metal 
flow  in  forward  extrusion  by  etching  their  aluminium  specimens  by  immersion  in  a solution  of  10-20%  HNOj 
and  2-5%  HF  for  10-20  seconds.  This  clearly  revealed  the  deformed  fibre  structure,  Shah  and  Kobayashi. 
(41)  also  examined  the  fibre  structure  in  their  steel  specimens  for  cold  heading.  The  solution  used 
was  one  of  50%  HCL,  hot-etching  for  about  30  minutes.  Li  (13)  and  Shin  (58)  examined  areas  of  high 
deformation  in  aluminium  specimens  by  observing  the  grain  structure  revealed  by  etching  for  2 hours  at 
550°C.  'Frys'  Reagent,  (180  ml.  HCL,  100  ml.  HO,  45  gm.  Cupric  Oxide),  has  been  used  frequently  to 
etch  high  nitrogen  steel  specimens,  which  reveals  any  yielded  areas  as  well  as  the  localised  yielding  on 
these  areas.  The  yielding  areas  occur  in  bands  referred  to  as  L'nders  lines;close  correlation  can  be 
demonstrated  between  the  Luders  lines  and  slip  line  field  solutions  (58), (Fig.  7). 

(ii)  SIMULATION  OF  METALFORMING  PROCESSES 
IWo  approaches  may  be  used  here; 

(a)  consideration  of  an  actual  metalfonning  process,  but  using  a replacement  material  which  is  much 
softer  and  cheaper  while  displaying  similar  deformation  characteristics. 

(b)  use  of  a simulative  model  process,  as  in  the  photoelastic  technique,  in  an  attempt  to  predict 
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deformation  characteristics  by  a simplified  experiment. 

(a)  Model  Materials 

Many  different  model  materials  have  been  used  to  simulate  actual  metalforming  processes.  Soft 
metals  such  as  aluminium  (59),  lead  (60),  cooper  and  copper-nickel  alloys  (61),  have  found  common  use. 

Non  metallic  materials  such  as  plasticine  (62,  63),  paraffin  wax  (64),  and  some  thermoplastic  materials 
such  as  polyethylene  and  polypropylene  (65),  have  been  used.  The  thermoplastic  materials  however  were 
not  very  successful,  while  the  plasticine  and  paraffin  wax  are  very  good  closely  representing  non- 
hardening metals.  Some  authors  (66)  have  shown  that  the  paraffin  wax  can  be  etched,  showing  a close 
resemblance  to  the  grain  deformation  in  steel.  Danckert  and  Wanheim  (67)  have  recently  developed  a new 
type  of  wax,  referred  to  as  'slipline  wax'.  Their  wax  specimens  were  prepared  and  then  left  for  a 
period  of  time  during  which  the  wax  developed  a surface  coating.  Upon  subsequent  deformation  the  coat- 
ing displayed  a series  of  cracks  which  followed  paths  very  closely  resembling  theoretical  slip-lines. 

(b)  Photoelasticity 

Photoelasticity  has  for  many  years  been  used  for  the  analysis  of  stress  distributions  in  components 
or  structures  suffering  elastic  deformation.  Recently,  fairly  successful  attempts  have  been  made  to 
predict  stress  distributions  in  dies  and  billets  for  a metalforming  process,  which  obviously  involves 
plastic  deformation.  The  photoelastic  models  were  prepared  to  the  same  geometry  as  the  billet  at  the 
required  deformation  and  then  given  a small  elastic  deformation  (68,  69).  An  interesting  development 
in  this  field  is  the  use  of  the  tectmique  to  predict  experimental  slip-line  fields  (55,  58).  The  model 
is  prepared  as  before,  but  instead  of  plotting  the  stress  distribution  from  the  isochromatics,  a plot 
of  the  isoclinic  pattern  is  drawn.  The  complete  distribution  of  the  isoclinic  lines  across  the  specimen 
is  obtained  by  rotating  the  plane  of  polarisation  through  a small  angle  and  plotting  the  new  positions  of 
Che  isoclinics  at  each  angular  movement.  The  loci  of  constant  inclination  of  the  principal  strain 
directions  can  thus  be  found,  and  hence  the  maximum  shear  strain  direction.  An  experimental  'slip-line 
field'  showing  maximum  shear  stress  directions  can  thus  be  drawn.  Although  there  is  an  implicit  assump- 
tion chat  the  directions  of  maximum  shear  do  not  change  in  the  transition  to  plastic  deformation,  very 
good  correlation  is  found  with  the  results  from  visioplasticity  experiments  (56),  (Fig.  8).  Recent 
work  by  Tan  (70)  supports  this  view.  Tests  were  conducted  with  gelatine  specimens  with  up  to  30Z 
deformation  with  no  significant  variations  in  the  isoclinic  patterns.  Ohashi  et.  al.  (71,  72),  examined 
the  stress  distribution  in  strip  drawing  by  making  use  of  the  different  properties  of  different  photo- 
elastic  materials.  In  their  experiments,  celluloid  was  used  for  the  workpiece  and  araldite  for  the  die. 
At  certain  temperatures  Che  celluloid  would  become  plastic  while  the  araldite  remained  elastic.  This 
had  the  advantage  of  allowing  a stress  analysis  in  both  the  die  and  workpiece  where  the  conditions  more 
accurately  simulate  real  conditions. 


CONCLUSION 

The  most  important  theoretical  techniq'jes  available  have  been  briefly  reviewed  and  though  each  would 
seem  to  have  much  to  offer,  they  also  have  their  own  inherent  restrictions. 

The  slip-line  field  method  can  be  used  to  determine  accurately  the  working  forces  and  the  internal 
deformation  under  plane-strain  conditions.  However  assumptions  such  as  a rigid-plastic,  non-hardening 
material  must  be  made.  The  technique  can  be  used  for  axial-symmetry  in  only  an  approximate  manner,  and 
hardly  at  all  for  general  three-dimensional  problems.  The  Upper  Bound  method,  whilst  providing  a 
quick  and  easy  method  for  evaluating  forces  in  plane-strain  and  axial-symmetry,  can  only  provide  a very 
rough  approximation  to  the  flow  mechanism.  The  visioplasticity  method  is  one  which  can  only  be  applied 
subsequent  to  performing  an  experiment  and  hence  cannot  be  of  a predictive  nature.  One  advantage  however, 
is  that  the  influence  of  various  boundary  conditions  can  easily  be  assessed  without  the  need  to  introduce 
any  modifications  to  the  theory.  The  f,low-function  approach  has  yet  to  be  developed  to  consider  non- 
steady problems,  which  are  obviously  predominant  in  metalforming. 

Variational  methods  are  in  principle  detailed  and  powerful,  but  like  all  matrix  analyses,  require 
extensive  computer  time  and  capacity.  The  finite  element  method  seems  to  hold  much  promise  at  the 
moment,  with  its  facilities  for  including  the  effects  of  variations  in  the  material  properties, 
temperature  and  boundary  conditions.  It  can  be  used  to  predict,  in  detail,  the  internal  deformation, 
working  loads,  and  the  homogeneity  and  distribution  of  properties  of  the  final  product.  The  main  dis- 
advantage at  the  present  time  is  the  need  for  computer  programs  with  large  storage  and  running  time. 

It  would  appear  that,  until  commercial  packages  are  available,  users  would  need  to  co-operate  with 
academic  institutions  who  have  the  expertise  and  access  to  a sufficiently  large  computer. 

Current  experimental  techniques  have  also  been  briefly  reviewed.  There  are  clearly  a number  of 
reasonably  simple  methods  available  from  which  detailed  information  relating  to  the  actual  process  can 
be  obtained.  The  photoelastic  method  is  a novel  development  which  can[used  to  predict  deformation 
characteristics  from  a very  simple  test.  ^6 

REFERENCES 


(1)  R.  HILL:  "The  Mathematical  Theory  of  Plasticity"  Oxford  University  Press  (1964) 

(2)  G.W.  ROWE:  "Principles  of  Industrial  Metalworking  Processes"  Edward  Arnold  (1977) 

(3)  W.  JOHNSON,  R.  SOWERBY,  J.B.  HADDOW:  "Plane  Strain  Slip-line  Fields:  Theory  and  Biblography" 
Edward  Arnold  (1970) 

(4)  W.  JOHNSON,  H.  KUDO:  "The  Mechanics  of  Metal  Extrusion"  Manchester  University  Press  (1962) 

(5)  H.  FORD:  "Advanced  Mechanics  of  Materials"  Longmans  (1963) 

(6)  L.E,  FARMER,  P.L.B.  OXLEY:  "A  Slip-line  Field  for  Plane  Strain  Extrusion  of  a Strain  Hardening 
Material"  J.  Mech.  Phys.  Sol.,  l^.  PP  369  - 388,  (1971). 

(7)  E.G.  THOMSEN,  J.  FRISCH:  Trans.  ASME,  80,  pll7,  (1958) 


4mi»satm 


10-9 


(8)  G.W.  ROWE,  P.  HARTLEY:  "A  Coisputei  Analysis  of  Progressive  Deformation  in  Extrusion-Forging" 

Proc.  5th  NAMRC  Conf.,  Massachusetts,  (1977). 

(9)  -P.  DEWHURST,  I.F.  COLLINS:  "A  Matrix  Technique  for  Constructing  Slip-line  Field  Solutions  to  a 
class  of  Plane  Strain  Plasticity  problems"  Int.  J.  Num.  Meth.  Engg.,  PP  ^^7  - 378,  (1973). 

(10)  B.  DODD,  K.  OSAKADA:  "A  Note  on  the  type  of  Slip-line  Field  for  Wedge  Indentation  determined  by 
Computer"  Int.  J.  Mech.  Sci.,  1£  pp  931  - 938,  (1973). 

(11)  P.  HARTLEY:  "Metal  Flow  and  Homogeneity  in  Extrusion-Forging"  M.Sc.  Thesis  (Qual).,  University  of 
Birmingham,  (1977). 

(12)  G.W.  ROWE,  T.F.  LI,  L.E.  FARMER:  "A  Study  of  Deformation  in  Simple  Forging  with  Variable  Finite 
Friction"  Proc.  3rd  NAMRC  Conf.,  Camegie-Mellon  University,  (1975) 

(13)  T.F.  LI:  "Metal  Flow  in  Cold  Forging  Operations"  M.Sc.  Thesis,  University  of  Birmingham,  (1975) 

(14)  B.  AVITZUR:  "Metal  Forming:  Processes  and  Analysis"  McGraw-Hill  (1968) 

(15)  H.  KUDO:  "An  Upper-Bound  Approach  to  Plane  Strain  Forging  and  Extrusion 

1;  Int.  J.  Mech.  Sci.,  U pp  57  - 83,  (1960) 

2;  Int.  J.  Mech.  Sci.,  pp  229  - 252,  (I960) 

3;  Int.  J.  Mech.  Sci.,  pp  366  - 368,  (1960) 

(16)  H.  KUDO:  "Some  Analytical  and  Experimental  Studies  of  Cold  Forging  and  Extrusion" 

1;  Int.  J.  Mech.  Sci.,  pp  102  - 127,  (1960) 

2;  Int.  J.  Mech.  Sci.,  1,  pp  91  - 117,  (1960) 

(17)  S.  KOBAYASHI:  "Upper  Bound  Solutions  of  Axisymmetric  Forming  Problems" 

1;  J.  Eng.  Ind.,  86B,  pp  122  - 126,  (1964) 

2;  J.  Eng.  Ind.,  86B,  pp  326  - 332,  (1964) 

(18)  S.  KOBAYASHI,  E.G.  THOMSEN:  "Upper  and  Lower  Bound  Solutions  to  Axisymmetric  Compression  and 
Extrusion  Problems"  Int.  J.  Mech.  Sc.,  T_,  pp  127  - 143,  (1965) 

(19)  R.D.  McDermott,  A.N.  BRAMLEY:  "Forging  Analysis  - A New  Approach"  Proc.  2nd  NAMRC  Conf.,  Madison 
(1974) 

(20)  C.T.  CHEN,  F.F.  LING:  "Upper  Bound  Solutions  to  Axisymmetric  Extrusion  Problems"  Int.  J.  Mech. 

Sci.,  10,  pp  863  - 879  (1968) 

(21)  W.  JOHNSON,  H.  KUDO:  "The  Use  of  Upper  Bound  Solutions  for  the  determination  of  Temperature 
Distributions  in  Fast  Hot  Rolling  and  Axi-Symmetric  Extrusion  Processes"  Int.  J.  Mech.  Sci., 

pp  175  - 191,  (1960) 

(22)  J.M.  ADIE,  J.M.  ALEXANDER:  "A  Graphical  Method  of  Observing  Hodographs  for  Upper  Bound  Solutions 
to  Axi-Synmetric  Problems"  Int.  J.  Mech.  Sci.,  9^,  pp  349  - 357,  (1967) 

(23)  E.G.  THOMSEN,  C.T.  YANG,  S.  KOBAYASHI:  "Mechanicx  of  Plastic  Deformation  in  Metal  Processing" 
MacMillan,  New  York,  (1965) 

(24)  R.E.  MEDRANO,  P.P.  GILLIES:  "Visioplasticity  Techniques  Axisysmetric  Extrusion"  J.  Strain  Anal., 

7,  pp  170  - 177,  (1972) 

T25)  a SHABAIK,  S.  KOBAYASHI:  "Computer  Application  to  the  Visioplasticity  Method"  J.  Eng.  Ind.,  89B, 
pp  339  - 346,  (1967) 

(26)  A.  SHABAIK;  "Computer  Aided  Visioplasticity  Solution  to  Axisymmetric  Extrusion  through  Curved 
Boundaries"  J.  Eng.  Ind.,  94B,  pp  1225  - 1231  (1972) 

(27)  A.  SHABAIK:  "Theoretical  Methods  for  Analysis  of  Metal  Deformation  Problems"  Ph.D.  Thesis, 
University  of  California,  Berkeley,  (1966) 

(28)  A.  SHABAIK,  E.G.  THOMSEN:  "A  Theoretical  Method  for  the  Analysis  of  Metal-Working  Problems" 

J.  Eng.  Ind.,  90B,  pp  343  - 352,  (1968) 

(29)  O.C.  ZIENKIEWICZ:  "The  Finite  Element  Mehtod  "McGraw-Hill  (1977) 

(30)  C.S.  DESAI,  J.F.  ABEL:  "Introduction  to  the  Finite  Element  Method"  Van  Nostrand  Reinhold,  (1972) 

(31)  P.  HARTLEY:  Ibid. 

(32)  G.W.  ROWE:  "Recent  Developemnts  in  the  Theory  and  Practice  of  Metalforming"  Proc.  3rd  NAMRC  Conf., 
Camegie-Mellon  University,  (1975) 

(33)  Y.  YAMADA,  N.  YOSHIMURA,  T.  SAKURAI:  "Plastic  Stress-Strain  Matrix  and  its  application  to  the 
solution  of  Elastic  Plastic  Problems  by  the  Finite  Element  Mehtod"  Int.  J.  Mech.  Sci.,  10,  pp  343  - 354, 
(1968) 

(34)  P.  HARTLEY,  C.E.N.  STURGESS,  G.W.  ROWE:  "A  Finite  Element  Analysis  of  Extrusion  Forging"  Proc. 

6th  NAMRC  Conf.,  University  of  Florida,  (1978) 

(35)  A.  NAGAMATSU,  T.  MUROTA,  T.  JIMMA:  "On  the  Non-Uniform  Deformation  of  a Block  in  Plane-Strain 
Compression  caused  by  Friction"  Bulletin  JSME,  1^,  No  70,  pp  314  - 321,  (1971) 

(36)  A.  NAGAMATSU,  T.  MUROTA,  T.  JIMMA:  "On  the  Non-Uniform  Deformation  of  Material  in  Axially  Symmetric 
Compression  caused  by  Friction"  Bulletin  JSME,  1^,  No  70,  pp  339  - 347,  (1971) 

(37)  K.  IWATA,  K.  OSAKADA,  S.  FUJINO:  "Analysis  of  Hydrostatic  Extrusion  by  the  Finite  Element  Method" 

J.  Eng.  Ind.,  pp  697  - 703,  May,  (1972) 

(38)  C.H.  LEE,  S.  KOBAYASHI:  "E las  top  las  tic  Analysis  of  Plane-Strain  and  Axisynmetric  Flat  Punch 
Indentation  by  the  Finite  Element  Method"  Int.  J.  Mech.  Sci.,  1^,  pp  349  - 370,  (1970) 

(39)  J.L.  GORDON,  A.S.  WEINSTEIN:  "Finite  Element  Analysis  of  the  Plane  Strain  Drawing  Problem"  Proc. 

2nd  NAMRC  Conf.,  University  of  Wisconsin,  (1974) 

(40)  C.H.  LEE,  S.  KOBAYASHI:  "New  Solutions  to  Rigid-Plastic  Deformation  Problems  Using  a Matrix  Method 
J.  Eng.  Ind.,  ASME,  95,  p.  865,  (1973) 

(41)  S.N.  SHAH,  S.  KOBAYASHI:  "Rigid  Plastic  Analysis  of  Cold  Heading  by  the  Matrix  Method"  Proc. 

15th  Int.  MTDR  Conf.,  University  of  Birmingham,  (1974) 

(42)  H.  MATSUMOTO,  S.I.  OH,  S.  KOBAYASHI:  "A  Note  on  the  Matrix  Method  for  Rigid-Plastic  Analysis  of 
Ring  Compression"  Proc.  18th  Int.  MTDR  Conf.,  Imperial  College  London,  (1977) 

(43)  F.W.  SHARMAN:  "Hot  Bar  Extrusion  and  the  Effect  of  Radial  Temperature  Profiles  in  the  Billet" 
Electricity  Coimcil  Research  Centre,  Report  R851,  (1975) 

(44)  B.A.  FINLAYSON,  L.E,  SCRIVEN:  "The  Method  of  weighted  residuals  - a review"  App,  Mech,  Rev.  19, 

pp  735  - 748  (1966)  ~ 

(45)  S.H.  CRANDAL:  "Engineering  Analysis",  McGraw  Hill,  (1956) 

(46)  E,  STECH:  "Numerisohe  Behandlung  von  Verfahrung  der  Umformtechnick"  Ber  22  Inst.  Umf.  Univ. 
Stuttgart,  (1971) 

(47)  E.G.  THOMSEN,  J.T,  LAPSLEY,  JR.:  "Experimental  Stress  Determination  within  a Metal  During  Plastic 
Flow."  Proc.  Soc.  Exp.  Stress  Anal.,  II,  No.  2,  pp  59  - 68,  (1954) 


n 

10-10  ' 


(48)  H.  KUDO:  "Some  Analytical  and  Experimental  Studies  of  Axisynmetric  Cold  Forging  and  Extrusion" 

1;  Int.  J.  Mech.  Sci.,  2,  pp  102  - 127,  (1960) 

2;  Int.  J.  Mech.  Sci.,  pp  91  - 117,  (1960) 

(49)  N.R.  CHITKARA,  U.  JOHNSON:  "Some  Results  for  Rolling  with  Circular  and  Polygonal  tools" 

Proc.  5th  Int.  Conf.,  University  of  Birmingham,  (1964) 

(50)  B.  AVITZUR,  J.  FUEYO,  J.  THOMPSON:  "Analysis  of  Plastic  Flow  through  Inclined  Planes  in  Plane 
Strain"  J.  Eng.  Ind. , 89B,  pp  361  - 375,  (1967) 

(51)  S.C.  JAIN,  S.  KOBAYASHI:  "Deformation  and  Fracture  an  Aluminium  Alloy  in  Plan-Strain  Side 
Pressing"  Proc.  11th  Int.  MTDR  Conf.,  University  of  Bim  jham,  (1970) 

(52)  M.  HAMED:  "Parameters  Affecting  Impact  Extrusion"  M.Sc.  Thesis,  University  of  Alexandria,  (1973) 

(53)  W.B.  PAIXER,  P.L.B.  OXLEY:  "Mechanins  of  Orthogonal  Machining"  Proc.  Inst.  Mech.  Engra.,  24, 
pp  623  - 638,  (1959) 

(54)  P.V,  VAIDYANATHAN,  T.Z.  BLAZYNSKI : "A  Theoretical  Method  of  Efficient  Die-Design"  J.  Inst.  Metals, 
101,  pp  79  - 84,  (1973) 

(55)  H.S.  SHIN:  "Flow  and  Deformation  of  Metals  in  Forging"  Ph.D.  Thesis,  University  of  Birmingham, 

(1974) 

(56)  G.W.  ROWE,  I.M.  DESAI,  H.S.  SHIN:  "Transverse  Deformation  in  Section  Rolling  and  Forging"  Proc. 

15th  Int.  MTDR  Conf.,  University  of  Birmingham,  (1975) 

(57)  M.W.  HOPSON,  K.J.  WEINMANN,  A. A.  HENDRICKSON,  G.W.  ROWE:  "The  use  of  Fibre  Structure  of  High 
Purity  Aluminium  for  the  Study  of  Metal  Flow  in  Plastic  Deformation"  Proc.  2nd  NAMRC  Conf.,  University 
of  Wisconsin,  (1974) 

(58)  R.  SOWERBY,  W, JOHNSON,  S.K.  SAMATA:  "The  Diametral  Compression  of  Circular  Rings  by  'point' 

Loads"  Int.  J.  Mech.  Sci.,  10,  pp  369  - 383,  (1968) 

(59)  P.F.  THOMASON:  "The  use  of  Pure  Aluminium  as  an  Analogue  for  the  History  of  Plastic  Flow  in 
Studies  of  Ductile  Fracture  Criteria  in  Steel  Compression  Specimens"  Int.  J.  Mech.  Sci.,  10, 

pp  501  - 518,  (1968) 

(60)  R.A.C.  SLATER,  W.  JOHNSON,  S.Y.  AKU:  "Experiments  in  Fast  Upsetting  of  Pure  Load  Cylinders  and  a 
Tentative  Analysis"  Int.  J.  Mech.  Sci.,  10.  pp  169  - 189,  (1968) 

(61)  C.  BLAZEY,  L.  BROAD,  W.S.  GUMMER,  D.R.  THOMPSON:  "The  flow  of  Metal  in  Tube  Extrusion"  J.  Inst. 
Metals,  75,  pp  163  - 184,  (1948) 

(62)  A.P.  GREEN:  "The  Use  of  Plasticine  Models  to  S imulate  the  Plastic  Flow  of  Metals"  Phil.  Mag., 

42,  pp  365  - 373,  (1951) 

T^3)  S.Y.  AKU,  R.A.C.  SLATER,  W.  JOHNSON:  "The  Use  of  Plasticine  to  Stimulate  the  Dynamic  Compression 
of  Prismatic  Blocks  of  Hot  Metals"  Int.  J.  Mech.  Sci.,  9_,  pp  495  - 525,  (1967) 

(64)  J.W.  BARTON,  C.  BODSWORTK,  J.  HALLING:  "The  Use  of  Paraffin  Wax  as  a Model  Material  to  Simulate  the 
Plastic  Deformation  of  Metals"  J.  Iron  Steel  Inst.,  188,  pp  321  - 331,  (1958) 

(65)  K.T.  CHANG,  T.M.  BRITAIN:  "An  Investigation  of  Analog  Materials  for  the  Study  of  Deformations  in 
Metal  Processing  Simulations"  J.  Eng.  Ind.,  90B,  pp  381  - 386,  (1968) 

(66)  C.  BODSWORTH,  J.  HALLING,  J.W.  BART0N:~^e  Use  of  Paraffin  Wax  as  a Model  Material  to  simulate 
the  Plastic  Deformation  of  Metals"  J.  Iron  Steel  Inst. , 185,  pp  375  - 383,  (1957) 

(67)  J.  DANCKERT,  T.  WANHEIM:  "Slip-line  Wax",  Exp.  Mech.,  Aug.  pp  318  - 320,  (1976) 

(68)  E.P.  UNKSOV,  Y.S.  SAFAROV:  "Photoelastic  Investigation  and  Initial  Plastic  Straining"  Int.  J.  Mech. 
Sci.,  17,  PP  545  - 549,  (1975) 

(69)  E.P.  UNKSOV,  Y.S.  SAFAROV:  "A  Photoelastic  Investigation  of  Contact  Stresses  in  The  Backward 
Extrusion  Process"  Int.  J.  Mech.  Sci.,  17,  pp  597  - 602,  (1975) 

(70)  L.C.  TAN:  "Use  of  Photoelastic  Models  for  Metal  Deformation  Problems"  Undergraduate  Thesis, 
Mechanical  Engineering,  University  of  Birmingham,  (1977) 

(71)  Y.  OHASHI,  T.  NISHITANI:  "On  a Method  for  Analysing  the  Effect  of  Back  Tension  in  Strip  Drawing 
through  Wedge  Shaped  Die"  J.S.M.E.,  Semi  - Int.  Symp.,  Tokyo,  Sept.,  (1967) 

(72)  Y.  OHASHI,  T.  NISHITANI:  "Photo-Rheological  Stress  Analysis  on  Strip  Drawing  through  Roller  Dies" 

Int.  J.  Mech.  Sci.,  9,  pp  359  - 372,  (1967) 

ACKNOWLEDGEMENTS 

The  authors  would  like  to  acknowledge  the  support  of  the  Science  Research  Council  for  their  on- 
going project  in  the  analysis  of  extrusion-forging. 


lO-l  I 


f 

I 

i 

I 

i 

\ 

I 

I 

I 

[ 

1 

f 

r 

\ 

i 

i 


UPPER  BOUND  DIAGRAM  AND 
EXPERIMENTAL  FLOW  PATTERN 
(Kudo’S) 


Fig.  4 

FINITE  ELEMENT  ( ) AND 

EXPERIMENTAL(---)  GRID  LINES 

(Hartley  3A) 


FIG  5 

THEORETICAL  FLOW  LINES  FOR 
COLD  HEADING  (Shah^’  ) 


Fig.  3 

EXPERIMENTAL( — ) FLOW  LINES 
COMPARED  WITH  THEORY( ).(Shabaik27) 
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FIG.  6 

^ TYPICAL  SQUARE  AND  CIRCULAR  GRIDS  USED  IN  VISIOPLASTICITY  EXPERIMENTS 
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FIG.? 

SLIP  LINE  FIELD  ( ) COMPARED  TO  LUDERS  LINES( ),  ( Sowerby 58) 
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SLIP  LINE  FIELDS  FROM  (a)  PHOTOELASTICITY  AND 
j (b) VISIOPLASTICITY  EXPERIMENTS  (RoweSS) 
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RESUME 

Pour  qu'un  mStal  on  un  alliage  pr^eente  un  comportement  euperplaatique , dans  dee 
conditions  pricises  de  temperature  et  de  Vitesse  de  deformation,  it  faut  que  sa 
structure  soit  d grains  fins  et  dquiaxes,  C'est  le  cas,  notamment,  des  tdles 
industriellec  en  alliage  de  titane  Ti-6  AI-4V  dont  la  taille  des  grains  est,  en 
general,  inferieure  d 10  microns. 

Le  domaine  de  deformation  superplastique  de  cet  alliage  a ete  determine  par  I'etude 
du  coefficient  m , de  sensibilite  de  la  aontrainte  d la  vitease  de  deformation. 

Des  pieces,  de  formes  hemiapherique  et  torique , ont  ete  thermo formeea  par  gonflage  d 
partir  de  tdles  non  soudeea  ou  aoudeea  par  precede  TIG. 

Sous  reserve  de  tenir  compte  des  amincissementa  causes  par  lea  deformations  atteintes 
au  coura  du  formage,  il  eat  enviaageable  de  thermoformer  des  pidees  en  optimisant  au 
mieux  la  gamme  de  fabrication  et  la  conception  de  I'outillage  en  fonction  des  appli- 
cations industriellea  aouhaiteea,  en  particulier  dans  le  domaine  adronautique  et  spatial. 

INTOODUCTION 

Lorsqu'on  veut  r^allser  des  pieces  de  formes  complexes,  le  formage  k chaud  deviant  indispensable  pour 
pratiquement  tous  les  alllages  de  titane 

La  realisation  de  ces  pieces  k partir  de  tSles  peut  se  falre  en  utlllsant,  soft  une  ebauche  decoupee, 
soit  une  ebauche  presoudee.  Dans  ce  dernier  cas,  la  question  est  de  savolr  si  les  cordons  de  soudure 
posskdont  eux  aussl  des  proprietks  superplastlques  malgre  leur  structure  aclculalre  qui  reaulte  de  la 
double  transformation  au  cours  du  cycle  de  soudage  : 

— > /]  — > « 

Cette  Influence  de  la  structure  sur  la  superplastiolte  peut  8tre  envlsag^e  kgalement  pour  d'autres  deml- 
prodults  de  depart,  tels  que  des  kbauches  forgoes,  matrlc^es  ou  extrudkes  : la  connalssance  de  leurs 
proprl^tks  siqperplastlques  permettralt  de  choislr  le  deml-prodult  le  mieux  adapts  k la  realisation  d’une 
piece  donnee. 

CHOIX  DU  THEME  DE  TOAVAIL 

Alnsl,  la  realisation  de  capacltes  torlques  et  spherlques  pour  le  stockage  d 'Azote  peut  Stre  envisages 
dans  le  domaine  spatial. 

Pour  thfeme  de  travail,  nous  avons  done  cholsl  le  thermoforgeage  de  plkces  eiementalres  en  alliage  de 

titane  T-A6V  qui,  assembiees  par  soudure,  pourront  oonstltuer  une  capaclte.  Ces  plkces  se  prktent  en 

effet  assez  blen  ; | 

- au  calcul  des  deformiatlons  et  au  contrBle  de  leurs  trajeotolres,  f 

- k I'etude  du  comportement  d'un  cordon  de  soudure  sollloite  en  traction  bl-axiale  au  cours  du  formage. 

l' etude  oomporte  deux  objectlfs  prlnclpaux  i 

- Sur_le_plan_theorlque,  la  determination  des  proprietes  auperplaatlques  de  1 'alliage  T-A6v  (deml-prodult 
fofg27*oor3on*3e“sou3ure ) 

- Sur  le  El«n_lndustrlel,  la  realisation  par  thermoforgeage  de  deml-tores,  k trks  falble  rayon  de  olntrage,  ■ 

et”3e”3emI-8pfi?ro8”en”alllage  de  titane  T-A6v.  t 

La  realisation  du  premier  obleotlf  a neoesslte  lea  etudes  sulvantes  i ' 

- des  essals  de  traction  sur  eprouvettes  soudeea  en  T-A6V  deformees  dans  le  domaine  de  comportement  super- 
plastique de  I'alllage  de  base  (etude  de  I'evolutlon  de  la  structure  de  la  zone  soudee  et  de  la  tenue 
mecanlque  des  cordons  de  soudure). 

- une  analyse  du  ooaq>ortement  suoerplastlque  de  deml-prodult  en  T-A6V  forge  dans  le  domaine  mA  et  tralte 
thermlquement  dans  le  domaine  (determination  du  ooefflolent  m , etude  metallographlque).' 


- une  analyse  theorlque  du  thermofornage  superplastique  afln  de  mettre  en  evidence  1' Influence  des 
conditions  operatolres  sur  la  geometrle  des  plkces  alnsl  rdallsees. 
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Le  deuxlfeme  oblectlf  ^talt  d'assurer  le  thensoformaii^  en  milieu  Industrlel  de  places  ^14mentalres  & 

partlr  de  flans  clroulalre8,soud<s  ou  non, en  T-a6v,  afln  i 

- de  concr^tlser  les  posslblllt^s  et  les  oondltlona  op^ratolres  de  deformation  detennlnees  en  laboratolre 
pour  des  temperatures  900°C, 

- de  verifier  le  oomportement  d'un  cordon  de  soudure  T.I.O.  en  deformation  bl-axiale  pour  le  oas  d'utlllsa- 
tlon  des  preformes  mecano-soudees, 

- d'optlmlser  la  geometrie  du  plan  de  Joint  realisable  sur  des  pieces  eie^entalres  qul  seront  ensulte 
assembiees  par  soudure  T.I.G.  ou  par  bombardement  d'eiectrons, 

- de  demontrer  les  posslbilltes  de  mlse  en  oeuvre  d'un  outlllage  economlque,  con$u  pour  une  falble  serle 
et  constrult  avec  des  elements  modulalres  qul  peuvent  Stre  alsement  modifies  et  A molndre  frais,  au 
oours  de  la  mlse  au  point  du  thermoformage  en  phase  prototype, 

- de  verifier  qu'il  est  possible  d'assurer  I'etanoheite  neoessalre  A la  bcmne  condulte  du  thermoformage  en 
s 'affranchissant  de  toute  force  exterieure  exeroee  au  niveau  du  serre-flan  sur  1' outlllage  qui  peut 
alors  8tre  utilise  dans  un  four  Industrlel. 

CONTOITE  DE  LA  RECHERCHE 

L'ensemble  de  cette  etude  a ete  effeotue  en  plusleurs  etapes,  oitees  precedenmient,  par  les  laboratolres 

sulvants  s 

- AEROSPATIALE  - Laboratolre  Central  - SURBSNES 

dlrlge  par  M.  G.  HIIAIRE 

- UNIVERSITE  DE  METZ  - Laboratolre  de  Physique  e'  de  Technologle  des  Materlaux  (associe  au  CNRS  n*155) 

dlrlge  par  M.  B.  BAUDEMIT 

• AEROSPATIALE  - Laboratolre  de  Recherohes  de  la  Production 


dlrlge  par  M.  JP.  HRUSSON 

- AEROSPATIALE  - Centre  Industrlel  des  MUREAUX,  departoment  production 
dlrlge  par  M.  BIGAY. 

ANALYSE  ET  INTERPRETATION 

Etude  metallurglaue  de  deml-prodults  Industrlels 

Deux  types  de  deml-prodults,  tdle  et  forge,  en  alllage  de  tltane  T-A6V,  ont  ete  approvlslonnes 
pour  apprecler  leur  quallte  et  leur  aptitude  & la  deformation  superplastlque  dans  dlfferents  etats 
thermlques. 

Ces  deux  echantlllons  se  repartlssent  de  la  faqon  sulvants  : 

1 


Etat  thermlque 


t 

i- 

Poumlsseur 

: Deml-produit 

2 2 

d' origins 

* d'essai 

1 

t 

t 

RMI 

2 : 

! T61e  d'^palsseur  : 

recuit 

reoult 

2 

i 

: 2 nm  K : 

2 2 

reoult 

* soud^  a 

2 

s 

{ 

: 2 

2 2 

reoult 

^ reoult 

t 

i 

1 

UGINE 

! Forge  ^ i 

t 60  X 120  mm^  t 

reoult 

’ trai te  *** 

1 ol/(i  STOA 

s 

2 2 

reoult 

* tralte  *** 

J- 

_1 L_ 

J S STOA 

T81e  pour  etude  du  soudage  et  thermofoimage  des  demi-tores 
Soudage  TIG  automatique  sans  metal  d'apport 

Tralte  STQA  j mlse  en  solution  A 960®C  trempe  eau  + rooiUt  k yjO'C 
STOA  , " » » 1025*0  " " + "A  730*0 
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Or*ot<rl«tl«iiM  mAnmninumm  > t«a3<rature  Mpblante 

Dana  lea  tableaux  aulvanta  eont  oonalsitfes  lee  oaraot^ristiques  obtenues,  1 tenp^rature  aoblante,  eur  lee 
dlff<renta  daol-produlta.  Cea  oaraotdrlstlquea  sont  oonfornas  aux  spdolfloatlons  en  vlgueur. 

/ BfcRRE  FCBQg  / T-A6V  UOIME  (sene  travers  long) 


1 Etat  theralque  | 

R 0,2  (MPa)  1 

R (MPa) 

1 

AX 

ZX 

: 

t 

t 1 

929  1 

965 

t 

14,0 

35.1 

t 

* Reoult  k 730*C  * 

918  1 

949 

t 

14,0 

34,8 

t 

j Traltd  •<  /fl  s 

1020  s 

1055 

t 

13,5 

25.9 

t 

1 T.E.  960*C  + result  t 

1 k 730*C  1 

1006  ‘ 

1032 

t 

t 

13.0 

42,6 

i 

i 

j Traltd  /i  ' i 

1009  t 

1044 

: 

3.5 

8.0 

t 

: T.E.  10e0*C  -t-  reoult  i 

: k 730*C  : 

1015  ‘ 

1056 

t 

t 

7.5 

17.4 

t 

/TOLE  30UDEE  T.I.Q./  T-A6V  R.M.I. 

- dpalsseur  2 nn  (cordon 

non 

arasd) 

t 

: 

Type  de  soudage  | Sans  | 

R 0,2  (MPa/* 

R (MPa) 

1 

aX(5.65 

^’1 

: 1 

1015  * 

1123 

•• 

4,7 

I 

1C16  * 

1123 

A,3 

* Travers  ' 

978  ; 

1128 

i 

5.0 

\ ! ‘ 

1010  * 

1114 

1 

6,0 

t 

a * ' 

: : 

1048  * 

1 

1121 

: 

6,0 

: 

! _ ! 

t 

t 

t 

t 

: M t 

1013  j 

1121 

t 

5,2 

Travers 


s 


Non  soud^ 

(tdle  de  base) 


Long 


J- 


963 

: 1101  : 

6,7 

939 

« 1103  i 

8.7 

971 

! 1109  : 

9.3 

991 

: 1102  : 

t 

1006 

z 1091  z 

L2... 

: 

974 

z 1101  i 

8.5 

: 

t 

8 

987 

z 1056 

12,0 

i 

8 

983 

z 1058 

10,7 

8 Travers 

993 

z 1058 

12,0 

: 

8 

1005 

z 1060 

11.7 

8 

8 

22i 

z 1046 

lltl. 

8 

M z 

992 

z 1055 

11,6 

931 

• 

1009 

. 

12,1 

9^ 

: 

1006 

! 

15.8 

940 

8 

1005 

8 

15.4 

940 

8 

1007 

—2 

14,4 

8 

8 

1018 

8 

1058 

8 

14,1 

■ Travers 

996 

• 

1044 

14,5 

8 

1008 

8 

1090 

8 

12.0 

8 

-2 

S * 

8 

1007 

8 

L_ 

i051 

8 

— 1 

13.8 

Neta  - Toutes  les  natures  se  sont  produltes  en  dehors  de  la  zone  soudde  (tdle  de  base) 


L 'analyse  de  la  structure  montre  i 

- gour  la  barre  forg^e  en  T-A6V 

. i I'dtat  recult,  les  grains  a sent  de  forme  allong^e,  dent  la  tallle  moyenne  eat  d'envlron 
6 X m avec  un  pouroentage  de  phase  «<  supdrleur  & la  phase  . 

. & I'^tat  traits  STOA,  le  pouroentage  de  phase  Vest  Infdrleur  A celul  de  la  phase  ft  , 
la  tallle  ooyenne  des  grains  est  la  wiaa  qu'A  I'dtat  recult  ( 6 z 38yAin  ). 

. A I'^tat  traits  /istOk,  la  structure  deviant  acloulalre  k fines  aiguilles  avec  la  presence  de 
grains  bSta  prlmalre. 

- gour  la  t61e  de  T-A6V  servant  au  thermoformage  des  denl-tores,  las  grains  •(  & I'dtat  Initial  sent 
approHma^Iveinen^~2qulaxes  et  leur  tallle  moyenne  est  d'envlron  5/>-m  tandls  que  dans  la  zone  aoudde 
la  structure  est  aclculalre  A fines  aiguilles  alpha. 


La  superplastloltd  permet  la  realisation  de  plAoes  metalllques  par  theimoformage  TlJ  Pour  des  plAoes 
partloullArement  complexes,  11  est  ndoessalre,  solt  d'assembler  par  soudage  des  ei&nmts  prealablement 
foimes,  solt  de  thermoformer  dlrectament  une  structure  oomposee  de  tdles  Inltlalenent  soudies. 

Cette  demlAre  technique  pose  le  problAme  du  oomportemant  de  la  r.one  soudie  au  cours  d'une  deformation 
dans  le  domalne  superplastlque.  Nous  nous  proposons  d'etudler  l<r  cas  de  I'alllage  de  tltane  superplastlque 
T - A6v  . 


Le  materlau  de  depart  est  un  alllage  conmerclal  de  tltane  T1  6^  A1  4^V 
qul  se  presente  sous  forme  de  t81e  d'epalsseur  2 nm.  Cat  alllage  est 
biphase,  la  phase  etant  approxlmatlvement  Aqulaxe  et  de  tallle 
5 jU-m  environ.  Des  observations  plus  fines  ont  montre  que  la  phase 
est  bordee  par  la  phase  ft  et  la  phase  ' , laquelle  rdsulte  de  la 
transformation  martensltlque  de  la  phase  ft 

Les  eprouvettes  sont  decoupees  dans  le  sens  travers  de  la  tOle 
puls  assembiees  par  soudage  T.I.O.  sans  apport  de  matlAre  et  sans 
armsage  du  cordon. 

Afln  d'etudler  le  comportement  plastlque  de  la  zone  soudde  dans 
dlfferentes  conditions  de  sollloltatlon,  trols  types  d' eprouvettes 
ont  ete  prepares  (fig.  1). 


Eprouvettes  soudeos  apres 
cssal 

a)  soudure  transvcrcale 

b)  " longltudlnalc 


- Eprouvettes  soudees 
ovant  essal. 

a)  soudure  transversale 

b)  " longitudinals 

c)  r.oudures  croloooa 


,1 

La  zone  soudee  est  prlnolpalement  constltuee  par  la  phase  ^ martensltlque,  laquelle  est  caraoterlstlque 
de  I'alllage  de  tltane  T-A6V  obtenu  par  solidification  et  refroldlssement  raplde  F 47  On  notera 
qu'au  cours  du  temps  de  malntlen  en  temperature  avant  les  essals  meoanlques,  la  pnase  ti'ae  transforms  en 
phase  rf.  et  ^ 5 J . Les  epruuvettes  ont  ete  sollloltees  en  traction  A I'alr  et  A vltesse  de  defor- 

mation constants.  Un  revfitement  A base  de  graphite  est  applique  avant  essal  sur  les  eprouvettes  pour 
limiter  les  effets  de  I'oxydatlon  A haute  temperature.  Les  conditions  d'essai  correspondent  A celles  oti 
le  comportement  superplastlque  de  cet  alllage  se  manlfeste  fsj  Chaque  type  d'eprouvettes  a ete 
solllclte  A troie  tenperatures  (Sso'C,  900®C  et  950*C)  et  selon  trols  vltesses  do  deformation  i 


solllclte 

(2,7  X 10 


A trols  tonperatures  (850® C,  900®C  et  950®C) 
mn"^;  2,7  x 10“2  mn"^  et  2,7  x 10"1  nn”^). 


L'allongement  maximum  des  eprouvettes  a ete  llmlte  A 150St  par  la  longueur  utile  du  four.  AprAs  chaque 
essal,  les  eprouvettes  sont  refroldles  A I'alr. 
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Toua  lea  easais  rtfalls^a  nettent  en  Evidence  la  bon  comportement  de  la  aoudure,  quela  que  aolent  le  type 
de  I'dprouvette,  la  ttapdrature  et  la  vltease  de  d^fornatlon  i abaenoe  de  d^oc^slona  & I'interfaoe 
aoudure-natdrlau  de  baae  et  de  nature  dana  la  partle  aoud^e.  Four  lea  ^prouvettes  k aoudure  tranaveraale, 
on  obaerve  que  la  zone  de  aoudure  se  d^fome  molna  que  I'alllage  de  baae;  pour  lea  dprouvettaa  1 aoudure 
longltudlnale,  la  oontralnte  d'dooulement  eat  de  I'ordre  de  trola  fola  siq><rleure  1 la  oontralnte  ndoeaaalre 
pour  ddformer  dana  lea  mtmes  oondltlona  une  ^prouvette  non  aoud^e.  Cecl  eat  en  aooord  aveo  I'obaervatlon 
prdcddente  qui  montre  la  falble  d^fonnatlon  de  la  zone  aoud^e  dana  le  oaa  d'une  dprouvette  1 aoudure 
tranaveraale.  Dea  rtfaultata  Identlquea  aont  obaervda  aveo  lea  ^prouvettea  ii  aoudurea  croladea. 

Au  ooura  de  la  ddfomatlon  dana  le  doomlne  auperplaatlque,  un  groaslaaeoent  de  la  phaae  d apparatt  dana 
le  matdrlau  de  baae;  la  vltesae  de  groaalaaement  ddpend  dea  conditions  exp^rlment^ea,  oonne  11  a dtd 
oontr^  dans  de  nombreux  alllages  si4>erplastlques  Dane  la  zone  soud<e,  I'dvolutlon  de  la  structure 

ddpend  du  tauz  do  deformation  ; lorsque  la  aoudure  ae  defoime  tr^s  peu,  la  structure  aolculalre  n'eat  pas 
modifies  et  seul  un  grosslasement  dea  aiguilles  se  manifests,  dont  l'aiig>lltude  depend  enoore  dea  oondltlona 
ezperlmen tales;  lorsque  la  aoudure  se  deforms  oomme  le  materlau  de  base,  la  structure  aolculalre  dvolue 
vers  un  etat  coog>ose  de  petlts  grains  approxlmatlvement  equlaxas,  oette  evolution  de  structure  etant  fono- 
tlon  de  la  ten^rature  et  de  la  vltesae  de  deformation.  Une  analyse  plus  fine  de  la  structure,  observes 
le  long  d'une  eprouvetts  A deformation  non  uniforms,  permet  de  preolaer  oonment  dvolue  oette  structure 
aolculalre  au  cours  de  la  deformation.  Pour  un  taux  d'allongement  tr^s  falble,  lea  aiguilles  de  la  phase  ^ 
sent  orlentees  de  faqon  aieatolre  par  lepport  A I'axe  de  traction;  pour  un  tavix  d'allongement  looal  de 
90^,  lea  aiguilles  sent  Inollnees  sur  I'axe  de  traction  et  une  falble  denslte  de  petlts  grains  equlaxes 
apparatt;  apr^s  un  allongement  looal  de  370!e,  on  retrouve  la  structure  A petlts  grains  dejA  dlsoutde. 

Les  rdsultats  enonoes  cl-dessus  se  verlflent  aveo  lea  eprouvettes  A soiidures  orolsees. 

PlffgWglgP 

L'etude  preoedenta  montre,  d'une  part  que  la  zone  soudde  tend  A adopter  loie  structure  oaraot^rlstlque  des 
matdrlaux  superplastlques  au  ooura  de  la  deformation,  et  d'autre  part,  qua  oette  evolution  de  structure 
neoesslte  une  oontralnte  d'ecoulement  plus  eievde.  ^ 

Le  premier  restiltat  eat  an  desaooord  aveo  des  etudes  reallsees  sur  des  alllages  euteotlques  CsJ  ou 
euteotoldes  [9^  , qul  mt  montre  qu'une  structure  dendidtlqua  n'eat  pas  favorable  A un  comportement 
sv^erplastlque.  Eta  revanche,  11  eat  en  aooord  aveo  des  travaux  qul  ont  mis  an  dvldenae  le  passage  A 
I'etat  equlaxe  d'une  struoture  brute  de  ooulde  dans  I'alllage  euteotlque  Al-Cu  ^loj  aveo  une  augmenta- 
tion du  coefficient  do  senslblllte  A la  vltesae  de  deformation  CuJ  . Dans  le  oas  de  I'alllage  de  tltane 
T-A6v,  la  presente  etude  permet,  de  plus,  de  proposer  un  meoanlsme  de  transformation  depuls  la  struoture 
aolculalre  Initials  Juaqu'A  une  structure  de  type  superplastlquei  au  oours  de  la  deformation,  un  gllsse- 
ment  se  manifests  au  niveau  de  I'lnterface  entre  la  phase  et  la  phaas/1  plus  duotlle;  oe  ^Issement 
conduit  A une  reorientation  sulvant  I'axe  de  traction  des  aiguilles;  oelles-ol  se  solndent  snaulte  au 
niveau  des  Joints  de  grains  de  la  phase  •(  en  petlta  grains  approxlmatlvement  equlaxes,  ooame  oela  a ete 
montre  par  allleurs  [12,  I3]  • I>a  oontralnte  d'ecoulement  plus  eievee  qul  aooompagne  oe  passage  A une 
structure  compatible  avec  un  comportement  stq>erplastlque,  est  en  parfalt  agremait  aveo  les  etudes  menees 
sur  le  lalton  60/40  stiperplastlque  qul  a montre  que  le  passage  A i'etat  equlaxe  neoesslte  blen  une 
oontralnte  d'ecoulement  plus  eievee  [l43- 

Conclusion 

Cette  etude  montre  qu'au  oours  de  la  deformation,  la  struoture  aoloxU.alre  Initials  de  la  zone  soudee 
evolue  vers  une  struoture  A grains  fins,  oaraoterlstlque  du  oomportement  superplastlque.  Cette  evolution 
s'effectue  sous  une  oontralnte  d'eaoulanent  plus  eievee  que  cells  neoessalre  pour  deformer  dans  les  mSmes 
conditions  le  materlau  de  base.  Ces  resultats  permettent  d'envlsager  la  miss  an  foma  par  thermofoimage 
de  tdlas  prealableawnt  soudees;  11  expllque  egalement  que  des  sphAres  en  alllage  de  tltane  T-A6V  alant 
pu  Stre  obtenues  par  theimoformage  A partlr  de  deux  flans  soudes  salon  me  olroonference. 

COWPORlBeMT  SUPEBFLASTIQUE  DE  L'ALLIACE  T-A6Y  IMITIALEMEttr  PORCE  DAMS  LE  DOWAmE  V 

L'ensembla  des  travaux  menes  sur  les  materlaux  presentant  m coiqi>ortement  superplastlque  a SKSitre  qu'me 
telle  propriete  est  obtenue  aveo  des  structures  fines  et  equlaxes  lorsque  la  valaur  du  coefficient  n 
est  eievea  ( m represantant  la  senslblllte  de  la  oontralnte  A la  vltesae  de  deformation)  [I6,  iSJ 
Dans  ces  conditions,  la  deformation  prooAde  sans  strlotlon  looallsee  et,  par  consequent,  les  allonge- 
ments  A rupture  sent  Importants.  Des  modAlas  metallurglques  ont  tente  d'etabllr  me  correlation  entre  la 
structure  et  lea  valeurs  du  coefficient  m et  las  allcngements  A rupture  fl9j  . Dans  oe  ohapltre,  nous 
nous  proposons  de  montrer  que  da  grandas  valeurs  du  ooefflolent  m assooiees  A das  defonsatlons  liif>or- 
tantes  siuis  strlotlon  peuvent  apparaltre  dans  des  materlaux  ayant  me  structure  non  equlaxe. 

La  connalssanoe  des  proprietes  superplastlques  de  ces  materlaux  devralt  permattre  tCLterleuremant  de  oholalr 
le  deml-prodult  le  mleux  adapte  A la  realisation  d'me  plAoe  donnee. 

Cette  etude  a ete  effeotuee  sur  I'alllage  Indmtrlel  de  tltane  T-A6v  prealablement  forge  dans  le  domalne 
et  tralte  thermlquement  dans  le  domalne  (i  (mlse  an  solution  A 1020'’C  puls  trempe  eau  sulvle  d'm  reoult 
A 730*C};  oet  alllage  presente  me  struoture  oomposee  d'algullles  de  phase  0^  soullgnees  d'm  llserd 
de  phaae  ^ fac] 

I 

Dans  la  phase  (i  apparalt,  en  fonctlon  de  la  vltesae  de  trempe,  me  proportion  de  phase  ^ Issue  de  la  trans- 
formation martensltlque  de  oette  phase Les  Aprouvettes  ont  iti  ddform^es  par  traotlon  A des 
temperatures  egales  A 850*C  et  900*C  at  des  vltasses  de  deformation  oonstantes  ooiqprlses  entre  2,7  x 10*^ 
et  2,7  X 10"^  mn  Les  essals  sont  sulvls  d'me  treiq>e  A I'alr. 
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Lm  obaarvatlcna,  but  ibm  tfprouvBtta  dans  un*  zone  non  dtfforade  at  ddfonrfe  da  30)(  k 900*C  avao  una 
vitaasa  da  d^fornatlon  6gale  )i  Z/l  x 10'^  0Mntrant  una  atruotura  an  vannarla  oanotdrlstlquB 

d'vn  trait awant  thamlqvw  dans  la  doaalne  ^ Dans  la  zona  non  ddfomda,  laa  alguiUas  da  phase  at 

ont  environ  3 da  dlamitra  at  50 >■  da  longueur  tandla,  qu'iqir^s  ddforaatlon,  leurs  dliMnslona  sont 
dgales  raapaotlve— nt  k 5 at  30  yh.  ■.  Daa  r<sultata  saad>lablas  ont  dtd  obsarvds  au  oours  daa  esaala 
affeotufs  auz  taapkraturaa  at  vltassaa  da  diforaatlon  oltdaa  ol-daaaus. 

L'analjrsa  da  la  oourba  da  relaxation  Csi^  obtanua  avao  I'dprouvatta  prdoddanta  oondult  k una  valaur 
du  ooafflolant.  a kgala  k 0,45.  Dana  laa  alasa  oondltlona,  la  adthoda  daa  aauts  da  vitaasa  rdvkle 
una  valour  plus  dlovda  dgale  k 0,6.  Cotta  dlffdronoa  ast  blan  oonnua,  alia  ast  l^utabla  au  fait  quo  la 
atruotura  varla  au  oours  d'un  saut  da  vitaasa  alors  qu'ella  resta  approxloatlvaaent  oonstanta  durant 
I'osaal  da  relaxation  ^21^  . 

D'autias  Dasuras  du  ooafflolant  ■ , affaotudes  dans  la  akne  doaalne  do  taopdraturas  at  da  vltassaa  da 
ddfonaatlon  qua  oaltil  da  I'dtuda  da  I'dvolutlon  do  atruotura  ont  oondult  k das  valours  da  nkaia  ordra  da 
grandeur.  Dos  allongeawnta  unlfonnes  da  150!d,  llaltds  par  la  longueur  da  la  zona  laottaaiae  du  four, 
oonflment  las  valours  dlavdas  du  ooafflolant  m . U ast  k notar  qua  das  dtudea  ont  montrd  qua  I'alllage 
da  tltane  T-A6V  k phaaa  dqulaxe,  da  quatra  k olnq  alorona  da  dlanktre,  prdsMite,  dana  oe  intBe  doaudne  da 
taapdraturas  at  do  vl teases  da  ddfomatlon  daa  valours  oonparablas  du  ooafflolant  ■ [22  - 24  J . 

Caa  rdaultata  nettent  an  dvldanoo  la  possibility  d'obsarver  un  cooq>ortaBant  siqierplaatlque  k partlr  da 
struotures  non  kqulaxas.  U a 4t4  montry  qua  da  talles  atruotures  yvoluant,  m>rk8  qualques  dlzalnas  da 
pouroanta  da  dyfomatlon,  vers  un  ytat  yqulaxe  [14  J . Mada,  oontrailraiDant  k nos  ryaultats,  laa  valeurs  du 
ooafflolant  n rastant  falblaa  tant  qua  la  atruotura  rasta  allongye  [llj  . 

Cotta  ytude  senble  montrar  qu'una  atruotura  yqulaxe  n'est  paa  una  oondltlona  nyoessalra  pour  obtanlr  un 
ooaportanent  auparplastlque.  Mous  suggyrona  qu'm  tel  oooportasMnt  paut  ktre  observy  dans  laa  oatyrlaux 
blphasya  loraqua  la  phase  la  oiolns  duotlle  k la  tampyrature  da  I'asaal  n'ast  pas  continue  at  qu'ella  llinlta 
k qualques  alorona  la  tallle  da  I'autra  phaaa.  Une  analogle  hydrodynaalque  paraet  da  panser  qua  la  lol  da 
oonportainent  globale  d'un  tel  aatyrlau  eat  fortaaiant  Influanoye  par  oalla  da  la  phase  la  plus  duotlle. 

Or,  la  lol  da  ooraportement,  aous  falblaa  oontralntaa,  d'un  aatyrlau  ayant  un  libra  paroours  moyen  da 
qualques  alorons,  dolt  Stre  trks  dlffyranta  da  oalla  du  akae  aatyrlau  non  llalty  par  das  llOts  da  phases 
pau  duotllas.  Qi  affat,  pour  ce  damlar,  das  oallulas  k parols  da  dlslooatlons  pauvant  ktra  gynyryes  au 
oours  d'un  essal  da  dyfomatlon  k ohaud  [20]  alors  qu'allea  no  pauvant  paa  se  former  lorsque  la  tallle 
das  oellulea,  fonctlon  da  la  valaur  da  la  oontralnta  [2^  devralt  ttre  supyrleure  au  libra  paroours  moyen. 

Conolualon 

Cotta  ytude  montra  qu'll  ast  possible  d'envlsager  la  mlsa  an  forma  par  thermoformage  stqjarplastlque  d'un 
prodult  an  alllage  da  tltane  T-A6V  dont  la  transformation  dans  la  domalna  ast  obtanua  par  traltament 
thermlqua. 

AKkLYSE  TlEORIttUE  DU  mHBIOPCRvlTO  PUIS  LE  DOMklME  DE  SUPERPIASTICI'IE 
Introduotlon 

La  gonflemant  d'une  tdla  enoasti-ye  olrculalrament  at  soumlsa  k une  presslon  ast  un  essal  sliqile  da 
thermoformage  [27,28  J . Dans  oa  ohapltra,  nous  analysons  thyorlquamant  at  ezpyrlmentalemant  un  tel 
aasal  avao  deux  matyrlaiuc  prysentant  un  oooportamant  siq>arplastlque.  Nous  mettons  an  yvldenoe  1' Influence 
d'un  paramktre  rhyologlqua  sur  la  gyoaiytrle  das  plkoes  at  nous  dytermlnons  las  olnytlques  da  la  dyforma- 
tlon  an  fonotlon  da  la  lol  da  variation  da  la  presslon  appllquya. 

Pluslaura  auteurs  ont  j^allsy  das  gonflements  da  tOlas  dens  la  domalna  oti  ellea  prysentant  un  ooiq>ortemant 
jniparplastlque  C29'3lJ  *t  oartalns  ont  proposy  una  analyse  thyorlque  da  oetta  opy ration  da  mlsa  an  forae 
1.32-35]  . JOWNE  [3^  at  BOX  [35]  suppo^  ant  qua  la  rypartltlon  das  ypalsseurs  ast  unlfoime  au  oours  du 
thermoformage  , oatte  hypothkse  n'est  admissible  qua  dans  la  cas  da  gonflemant  da  sphere  oomplkta 
HOLT  [34]  adopta  I'ygalltd  an  ohaque  point  das  dyformatlons  prlnolpalas;  oetta  hypothkse  ast  Inoompatlble 
avao  ]^s  conditions  aux  11ml tea  Imposyas  par  I'enoastrement.  Nous  avons  adoptA  las  mkmas  hypotheses  qua 
calles  retanuas  par  CCRNPIQD  at  JOHNSON  [3^  . L'lntyrkt  du  prysent  travail  rdslde  dans  la  fait  qu'una 
lol  da  presslon  mlaux  ad^ptya  k la  mlsa  an  fonne  par  gonflament  da  matyrlaux  superplastlques  a it4  ytablle 
at  las  olnytlques  da  gonflament  ont  yty  dytamlnyes  avao  oetta  lol  da  presslon. 

Analyse  thyorloue 

Dans  un  premier  tamps  sont  prysentys  las  rysultats  lnd4pendants  da  la  lol  da  presslon  at  unlquement  fonctlon 
du  parametra  rhyologlqua  a ,supposy  constant  an  tout  point  de  la  calotte  at  k cheque  Instant  de  la 
dyfomatlon.  La  rypartltlon  das  ypalsseurs  ast  d'autant  plus  uniforms  qua  la  valeur  du  coefficient  m est 
plus  yievye  i I'yoart  antra  I'ypalssaur  au  soamet  et  k la  base  s'acorolt  au  cours  de  la  dyfomatlon 
d'autant  plus  qua  la  valaur  du  coefficient  m est  plus  falble  (fig.  2) 

Figure  2 - Evolutions  theoriques 
de  I'epaisseur  au  sonsret  et  la 
base  rapportee  a I'kpaisseur  ini- 
tiale,  en  fonction  de  la  hauteur 
de  la  calotte  rapportee  au 
rayon  d 'encastrer^ent  r^,  pour 
differentes  valeurs  du  coefficient 
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La  repartition  finale  des  epalsseuz^  de  long  d'un  merldlwi  eat  d'autant  plua  unlforme  que  la  valeur  du 
coefficient  m eat  plxia  grande  . La  connalaaance  de  1' evolution  de  I'epalaaeur  au  aooiDet  au  ooura  du 
theraoforaage  pennet  de  detexmlner  une  lol  de  variation  de  la  preaalon  appllqude  qul  maintlent  constante 
la  valeur  du  coefficient  m au  aonmet  de  la  defotvee  (fig.  3)- 

Figure  3 - Evolutions  cheoriques 


de  la  pression  de  formage  p rap- 
portee  a la  contrainte  equiva- 
lence iniciale  a en  fonction  de 
o 

la  hauteur  de  la  calotte  h rap** 
portee  au  rayon  d 'encastrement 
r^,  telle  que  la  contrainte  equi- 
valence au  soinmet  sole  ir.aintenue 
constante  et  pour  differences 
valeurs  du  coefficient  m. 


Une  autre  lol  eat  dgalement  propoade  k partlr  d'une  analyae  purement  g^omdtrlque  de  la  deformation  [36^  . 
Cette  lol  de  variation  de  la  preaalon  appllqude  coincide  aveo  lea  lola  prtfe^entea  au  d4but  de  la 
deformation. 


Noua  conalddrona  malntenant  lea  rdaultata  qul  sont  fonction  k la  fola  du  coefficient  riidologlque  m et 
de  la  lol  de  preaalon  retenue.  On  conatate  que  la  vlteaae  de  deformation  ardolalre  en  ohaque  point  de 
la  ddformee  et  au  coura  du  tempa  varle  ( fig.  4)  : en  cheque  point,  le  rapport  dea  vlteaaea  eat  au  maximum 
dans  un  rapport  trola  entre  le  ddbut  et  la  fin  de  I'eaaal  et,&.  un  Inatant  donnd,  ce  rapport  en  deux  polnta 
dlffdrenta  eat  au  maximum  ^gal  k cinq. 

Fi^rurc  4 - Courbes  theoriques 
donnant  la  vicesse  d*accroisse- 
ment  de  la  surface  ce  I'elcr.ent  i 
repCre  par  son  angle  . rapporte 
a I ’angle  pour  trois  etapes  de 
gonflcment  : 

- 0 % au  debut  du  gonflement 

- 50  Z lorsque  la  surface  ce  la 
calotte  a augr.ente  de  30  7- 

- 100  Z lorsque  la  surface  de  la 
calotte  a augr.ente  de  100  7.  e’est 
a dire  lorsque  la  deni-sphere  est 
attcinte . 

Dee  variations  de  oet  ordre  ont  peu  d' Influence  sur  la  valeur  du  coefficient  m et  d'autant  molna  que 
cette  valeur  eat  plus  dlevde,  Ce  rtfsultat  Justlfle,  d'une  part,  I'hypoth^se  qul  a falte  de  supposer 
constant  le  coefficient  m en  cheque  point  et  k ohaque  Inatant,  et  d' autre  part,  le  oholx  de  la  lol  de 
preaslon  retenue.  Certalnes  operations  de  thermofoitBage  , gendralement  k tempdratures  eiev^es,  ne 
permettent  pas  le  contrdle  de  la  ddformatlon;  11  est  alors  Interessant  de  determiner,  par  le  oaloul,  les 
temps  de  formage  ainsl  que  les  olndtlques  de  deformation.  Des  temps  rddults  de  formage  ont  ete  detennines 
en  fonction  du  coefficient  m pour  la  lol  de  pression  precedents  (fig.  3). 


ANCLE  RCOUtT  0.^^ 


Le  temps  rdel  de  mlse  en  fonne  est  oalcuie  en  assoolant  au  temps  redult  un  tenq^s  caraoterlstlque  du  materlau. 
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Figure  5 - Evolution  thcorique  du 
teinps  reduit  final  en  fonction  de 
la  valeur  du  coefficient  rheolcgi- 
que  IT. 


0 0.3  0.4  as  0.75 


m 


11-8 


1 

t 

j 


Sur  la  figure  6 sont  report^s  lea  olnttlquea  d^terBintfes  pour  dlffdrentee  valeure  du  ooeffiolent 


Figure  5 Evolutions  theoriques 

de  la  hauteur  h de  la  calotte 
o 

rapportee  au  rayon  d 'encastrenent 
to  en  fcnction  du  temps  caracteris- 
tique  final,  pour  differentes  va^ 
leurs  du  coefficient  ir  et  lorsque 
la  contrainte  cquivalente  est  main* 
tenue  constants  au  soimrct. 


ConeluBlon 

Dana  la  partle  thdorlque  de  oette  dtude  du  gonflement  dans  le  doinalne  8tq>erpla8tlque  de  Idles  enoastrdes, 
lea  rdaultats  sulvanta  ont  iti  obtenus  ; 

- la  gdoodtrle  des  plioes  est  fortement  dependants  du  ooeffiolent  rhdologlque  a . 

- une  lol  de  variation  de  la  pression  appllqu^e  a dtd  determlnde  afln  de  rendre  le  ooeffiolent  d oonstant 
dans  la  zona  qul  ae  deforoa  le  plus,  o'eat-k-dlre  au  aooset  de  la  defonDde. 

- la  olndtlqua  de  la  ddfonaatlon  en  fonotlon  du  ooeffiolent  d et  de  la  lol  de  variation  de  la  pression 
appllqude  a dtd  dtablle. 

Cea  rdaultata  aont  it  oonslddrer  lors  de  la  oonoeptlon  des  plioes  et  de  I'etabllssaaent  das  gaaaws  de 
fabrloatlon. 

L' analyse  ezpdrlaentala  aontre  un  bon  aooord,  coapte  tenu  des  hypotheses  slapllfloatlves  qul  ont  6ti  faltes 
lora  du  oaloul,  e savolr  ooeffiolent  m supposd  oonstant  et  lol  de  oonporteaent  du  type  superplastlque 

RESULIMS  DE3  B33AI3  nmUSTOTEr,3  QE  PORMftOE  MS  DEMI-TOIES 

ttoyena  Industrials  de  alae  en  oeuvre  pour  le  thenaofoiaage 

1*/  O^^age 

L'outlllage  da  fotaage  oongu  pour  une  sdrle  de  10 
e 20  pieoes  eat  rdallsd  en  aoler  XC  38.  U est 
oonstltud  par  i 


- Une  matrloe  Infdrleure  uslnde  it  la  fonae  extd- 
rleure  du  deal-tore,  Elle  posseda  deux  troua  d'dvant 
j6  2n  dlaadtralement  opposes  et  est  dqulpde  d'un 
thannooouple  pour  le  oontrOle  de  la  tenpdrature  sur 
I'outll  et  de  deux  plons  utilises  pour  le  oentrage 
de  la  bride  rendue  solldalre  du  flan  T-A6v  par  soudure 
dtanohe. 

- Une  rondelle  extdrleure  plus  me  rondelle  Intdrleure. 

Cea  dldaenta  Inteiaddlalrea  ddaontables  ont  dtd 
utlllsds  pour  I'dtude  de  la  gdoeidtrla  du  plan  da 

Joint  realisable  sur  lea  deml-ooqullles  torlques  et  I'optlalaatlon  des  rayons  d'entrde  mlnlaaux  qu'll 
eat  ndoessalre  de  prdvolr  aur  lea  dlaniAtres  extdrleur  et  Intdrleur  de  la  aatrloa. 

-une  plaque  supdrleure  qul  Joua  la  rftle  de  sarre-flan  et  est  aaln tenue  sur  la  aatrloe  par  I'lnteraddlalre 
da  8 dtrlers  aveo  serrage  par  oolns. 

- Masse  de  l'outlllage  alnal  oonatltud  t 550  kg. 


! 
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2*/  ?£i55_51!EE2ri_5ii5252_5U_P’*“..  t-a6v  (of.  fig.  8) 

Quktre  brldos  rlgoureusonent  Identlquea,  ualn^es  dana  une  plaque 
T-A6v  dpalaaeur  20  db,  ont  4t6  utilladea  & tour  de  r61e  pour 
lea  aaaala  rdallada  par  AS106PATIALE. 

Apr^a  aoudage  par  boobardenent  d'dleotrona  du  flanw  aur  leur  M 
faoe  Bupdrlaure,  oea  dldmanta  oonatltuent  une  chaobre  dtanche 
par  laquelle  ae  fait  I'adailaalon  d'argon  aoua  preaalon  et,  ^ 
pour  ee  falre,  11a  aont  dqulpda  dea  aobouta  qul  aeront  relKa 
auz  olroulta  adtalllquea  annexea  pour  la  mlae  en  preaalon  et 
la  Blae  A air  libra  de  I'anoelnta. 

A notar  qua  la  aoudage  nentlonnd  ol-deaaua  a it4  effeotu^ 
aveo  la  aaiohlne  "SCIAKY*  opdratlonnelle  au  Laboratolre  de 
reoharohaa  produotlona  (ABDOSPATIAUE  SURESNES).  ‘ 


. rUa  TMV  aaa^*  ftK  aer  U hri^. 


Brida 

MM  M pr«a«<M  dy  Rm. 


5*/  53!Ji525?25_!252f?_E22r_i5_5i22_S-EE2*®i°2-25~522i2_2!_i2  bride  auggort  dtanohe  du  flan(of.fig.8) 

Dana  oet  dqulpaownt,  deux  tuyauterlea  ndtalllquea  raooorddaa  A la  bride  aupport  dtanohe  du  flan  aont  A 

oonalddrar. 

- Le  praaiiar  olroult  oonatltud  pour  la  mlae  aoua  preaalon  oontrSlde  du  flan  eat  relK  A une  boutellle 
d'argon  qualltd  U,  oao^^rlmd  pula  ddtandu  et  poaaAda,  aontd  en  derivation,  un  roblnet  qul  eat  utlllad 
pour  la  mlae  A air  llbre  du  rdaeau  et  le  rdglage  de  la  preaalon  dana  I'evantualltd  d'une  aurpreaalon 
oonatatde. 

- Le  deuxlAme  olroult  eat  relld  au  manonAtre  de  oontrdle  de  la  preaalon  exeroda  A I'lntdrleur  de  la 
bride  aupport  dtanohe  du  flan. 

?21i£_?iE22iJ* 

La  totalltd  dea  eaaala  da  thermofomage  aur  deml-torea  a dtd  effaotuda  dana  le  four  "Rlpoche"  A aole 

Bxiblle  qul  oat  Inatalld  A I'ABiOSPATIAlE,  ualne  dea  MUREAUX.  - Tempdrature  mexi  d'utlllaatlon  i 1000*C. 

Eaaala  rdallada 

^22E2222.22-^£222l^-E22r.l22^222^2  ^'*‘^-£^.2^2-l2-^22ES2C22225* 

a)  Etude  du  plan  da  Joint  rdallaable  aur  dea  deail-ooqulllaa  torlquea 


Deux  typea  de  Jolnta,  qul  oondltlonnent  la  oonoeptlon  de  la  matrloe, 
ont  dtd  retenuB  pour  oette  dtude  < 

- Joint  A borda  relevda  pour  aaaamblaga  par  aoudure  T.  I.O.  dea 

daml-ooqulllaa  mlnoaa  (of.  fig.  9).  , , 

Le  thermoformage  d'm  plan  de  Joint  de  oe  type  a dtd  ddoldd  t 

an  vue  d'optlailaar  le  rayon  mini  admlaalble  aoua  le  bord  1 R 

relevd  de  deml-ocqulllea  deatlndea  A ttre  aaaeobldea  par  Fij  f . J.;4  rfW  ^ 

aoudure  T.I.O,  pour  oonatltuer  dee  ooudea  ou  autrea  dldmanta  ^ 

dea  olroulta  "baaae  preaalon"  rdallada  en  tSlea  T-A6V 
d'dpalaaeur  ^1,5  ■». 

Pour  oette  dtude,  noua  avona  adoptd  R • 1,5  dg  y**— ^ 

aveo  I r • rayon  aoua  bord  relevd  /A— 

7 uhg»rgay.>>** 

do  • dpalaaeur  noailnala  du  flan  T-A6V.  Loa 

- Joint  auto-oantrexir  pour  aaaemblage  aoudd  dea  deml>ooqulllea  | 

par  bombardement  d'dlectrona  (of.  fig.  10).  — g -j 

Ce  mode  de  aoudage  eat  prdvu  pour  I'aaaeablage  dea  deal-  I 

ooqulllaa  en  T-A6v  d'dpidaaeur  >1,5  m.  n ndoeaalte  un 

tialnage  du  Joint  auto-oontraur  A ohloane  pratlqud  dana 

ohaoxme  dea  dbauohea  qul,  dana  oe  oaa,  dolvant  avoir  vna 

IdgAre  aurlongueur. 


• yi  leytlaa  fmi  ke*A« 


Pour  le  theimoformage  da  oea  dbauohea,  11  eat  prdfdrable  de  oonoavolr  vne  matrloe  aveo  de  granda  rayona 
d'antrda  qul  dolvant  permettre  d’obtanlr  une  rdpartltlon  plua  homogAna  dea  dpalaaeura  aur  la  prdfomie. 

Pour  oette  dtude,  noua  avona  adoptd  r ■ 8 dg 

aveo  I r • rayon  d'antrde  aur  la  matrloe 

do  • dpalaaeur  noolnale  du  flan  T-A6V 


t 


J 


I 


(■ 

i 

il 

f 
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2*/  Etude  dee  ^sslbillt^e  d'utllleetlan  de  prdfoneee  a»«e^l<e»_per  aoudure  TIP  pour  1* 
SiIIKtI5n“3o“gI|oe5“lfi5rKKrH58” 

Cette  dtude  evelt  pour  but  de  verifier  le  oof^rarteoent  d'm  oordoo  de  aoudure  TIQ  «n  ddfoimtloa  bi- 
exlale  pour  le  caa  d'utlllaatloD  de  prdforaea  adoano-aouddea,  prlaaatlquea  ou  planea,  Juffea  nieeaaalrea 
pour  des  relaona  doonoeiiquea  ou  pour  lea  oaa  reooanua  dlffiollea  en  therBOfoimge.  EUe  a 4tt  Mode 
aveo  la  aatrloe  oonfua  pour  la  rdallaatlon  dea  dbauohea  d borda  relevds  qul  ae  pr^tant  aaaez  biac  au 
oontrOle  dea  ddforaatlona  et  ^ la  Maure  dea  dpalaaeura  et,  pour  oa  falre,  ooua  avona  utUlad  dea  flana 
T-A6v  dpalaaeur  2 na,  aaaeodblda  ik  borda  franoa  par  aoudure  TIQ. 

- Deux  typea  de  flana  ont  dtd  retemia  pour  oette  dtude  : 

- flana  soudds  TIQ  dana  le  aena  long  du  laailnage 

- " « n ■ « travera  du  laolnage. 

induatrlela  de  therMforaiage 
iV  EriMi^ 

La  gamne  gdndrale  dtablle  pour  chacun  dea  eaaaila  eat  ddflnle  ooaaie  ault  i 

- Prdjgaratl«idea_flana^^6^agrfe8_ddb^ 

. Ddgralaaage  d I'aodtone 
. Rapdrage  du  aena  de  laailnage 

- nu^aaa^^de2^^2i£i£^^2 

. Dreaaage  dea  ohanta  pour  aoudure  k borda  franoa 
. Soudure  TIO  (AiatOSPATULE  TCULOUSE) 

Conti^le  radio  lOOjt  du  cordon  de  aoudure. 

REMARQUE  : II  est  i notev  que  lee  flana  aeeemblAe  par  aoudure  TIG  ont  StA  utilieAa 
pour  lee  eaaaia  aana  auoune  operation  d’araaage  du  cordon  de  aoudure. 

- Toua^^ana 

. Ddtourage  au  48o  an 

. Asaeoblage  du  flan  aur  la  bride  support  dtanche  en  T-A6V,  soudage  sur  450  an  par  boadMti*- 
deaient  d'dleotrons 

. Protection  de  I'anaeoible  flan-brlde  aupport  aveo  le  prodult  Kal-Card  (aolutlon  oolloXdale 
graphltde).  Houa  utlllsotis  oe  prodult  dans  le  but  i 

a^  de  Hail  ter  I'ozydatlon  du  flan  lorsqu'll  eat  aoxaala  k dea  teiq>draturea  trfea  hautea 
b/  de  favorlaer  le  gllsaeoent  du  flan  sur  lea  rayona  d'entrde  de  la  aiatrloe 

. Tragage  des  oeroles  de  rdfdrenoe  sur  le  flan  pour  la  nesure  dea  deformations  (Ajt)  aprfes 
easal  de  thermofonaaige. 

2*/  Fre2aratlon_de_l'ouUUage 

lOutes  lea  faces  das  dlffdrents  oonstltuants  de  I'outlUage  sent  protegdea  aveo  le  prodult  Kal-Oard 
mentlcone  ol-dessus. 

3*/  Con^lte_ge^r^e_des_M^s 

Le  four,  dont  la  aole  mobile  eat  sortie,  est  rdguie  k la  teaqierature  d'attante  700*C. 
ay  Mlse  en  position  de  la  aiatrloe  sur  la  sole  aoblle 

b/  Centrage  de  I'enseiable  flan-brlde  siqiport  sur  la  matrloe  at  raooordaaent  dea  olroulta 
da  nlaa  an  presslon  sur  la  bride 

o/  Pose  de  sarre-flan  sur  la  laatrloe  at  brldage  de  oe  dernier  au  moyen  des  etrlers  de 
aerrage 

<V  Itatroduotlon  du  themoooiqile  de  oontrdle  dans  la  loatrloe 
a/  Oifonoemant  de  la  sole  mobile  alnsl  ^ulpde 

A oe  atada,  la  regulation  du  four  est  ajuatea  A la  teagieratura  prAvue  pour  I'asaal  et,  dAs  qua  oette 
damlAre  est  oontrdiea  sur  la  matrloe,  on  prooAda  A la  mlse  an  presalon  progressive  du  flan  dans  lea 
oondltiona  dtablles  pour  ohaque  easal. 

f/  A la  fin  de  I'asaal  da  themofomage,  on  applique  la  procedure  Inverse  A ol-dessus  en 
notant  toutefola  qua,  pour  des  raisons  de  seourlte,  I'ouvertura  de  I'outUlage  refroldl 
A I'alr  ambient  n'lntervlent  qu'A  la  temperature  b < 400*C. 


Suita  k son  <tude  azpariaantale,  la  Laboratolre  da  Phyalqua  ” 

da  I'Uoivaraltd  da  METZ  noua  a fouml  laa  oourbas  th^o-  

rlquaa  da  aodulatlon  da  la  prasalon  da  foniiaga  du  daml-  « / 

tora  an  fonotlon  da  la  hautaur  da  la  ddforn^a  at  ce  pour  / 

laa  teopdraturaa  d'aaaala  750*C  - 800*C  - 850°C  at  950*C.  / 

(of.  fig.  11).  j “ “—=3!^ 

Cas  courbas  montrent  qua  1' ultima  prasalon  2^56  bars  i » -A 

eat  n^oasaalre  pour  formar  la  daml -tora  k 750*C,  alors  I / 

qua  2f  5, 5 bars  suf f Isant  pour  formar  oatta  mSma  plfeoa  *■  .„  / y i 

^ 950'C.  2^ 

Compta  tanu  das  trfes  fortas  prasslons  & exeroer,  Jug^as  I ^ 

axossslves  pour  la  fonnage  du  daml-tore  & falble  tempd- 

rature,  at  das  posslbllltds  da  traved.!  aux  taspdratures  " 

^ 900"C  offartaa  par  la  four  Installd  & AJHCePATIALE  — *■  “*  Vw-cTwc”  — ^ 

1£S  MUREAUX#  nous  avons  adopts  la  plage  de  9OO  - 920"C  pour  le  ddroialement  des  essais  et,  pour  oe  falre 
noua  avons  extrapoltf  lea  oourbes  de  modulation  des  preaslona  qui  devalent  noua  pennettre  de  travalUer 
dana  oe  dooalne.  (of  fig.  12) 


A • <S  » tS  M 


>«ti#a  U prsaaia*  M faaa^iaA  ^ N.  „ 


L ' axploltatlon  dlreota  das  oourbes  ol-dessus,  pour  uos  essais.  ndcessltalt  le  sulvl,  an  contlnu  ou  par 
dtapes,  da  I’dvolutlon  des  ddformatlons  au  cours  du  formage.  Nous  nous  sommas  affranchls  de  oetta 
oontralnta  an  adoptant  une  lol  de  modulation  de  la  prasslon.  non  plus  an  fonotlon  des  ddfonoatlons. 
mals  an  fonotlon  da  la  durda  du  foraage  at  oe,  dans  I'hypoth&se  < 

- qua  le  flan  rests  bloqud  & la  nalssanoe  des  rayons  d'entrde  sur  la  matrloe, 

- qua  las  vl teases  de  ddformatlon  sont  Infdrlaures  A par  minute. 

Cas  oourbes  apparalssent  pour  ohaque  essal  ou  sdrle  d'essals  effeotuds  aveo  la  mine  configuration 
d'outlllage. 


rdalisable  sur  des  deml-co^ullles  torljues 


Quatra  flans  T-A6V,  dpaisseur  Sini, 
ont  dtd  utlllsds  pour  oetta  dtude. 


prdpards  dans  las  conditions  ddorltas  prdoddemient 


/B3SAI  n*  1/  - Essal  da  fonaaga  d'un  daml-tore  avao  plan  de  Joint  k bords  relevds 


Cet  essel  prefigure  la  realisation  du  plan  de  Joint  d^sign^  oi-dessus  et,  pour  oe  faire«  nous  avons  ^uip^ 
la  matrloe  aveo  laa  rondellaa  intdrleure  at  axtarleura,  d'dpalsseurs  respeotlves  19,5  at  20  nn  - r » 3 nm. 

A notar  qua  lea  oondltlons  de  formage  sont  las  plus  difflolles  dans  oetta  oonflguratlon  qul  conduit  A la 
ddformatlon  maxlmua  prdvua  pour  oes  essais.  Dans  I'hypothdse  : 

a/  du  flan  bloqud  d^a  la  nalssanoe  das  rayons  d'mtrde  sur  la  nmtrloa  < 

A)(  moyan  sur  la  mdrldlen  de  la  pldoa  ^O/t 

b/  du  flan  saulamant  bloqud  sur  las  rayons  extdrlaura  do  la  matrloe  : 

A)(  moyan  sur  la  mdrldlen  da  la  pl^oa  a 46,3)d 

- tampdrature  d'esaal  t 910*C 

- mlsa  an  prasalon  du  flan  ° 


Rasul tatB 

- Hssure  das  ddfomstlona 

Lea  ddfomtlons  mesurdes  sur  Is  plfeoe,  dsns  le  sens  long  at  le  sans  trsvers  du  Isolnsge,  sent  sensi- 
blaoent  Identlques  at  I'on  constate  t 

a/  un  gllsseoent  du  flan  sur  la  zone  Interne  de  la  pl^oa 

b/  qua  I'aUongement  maxlmian  m 799^  est  looalisd  sur  la  rayon  interne  du  deml-tore. 

- Rdgartltlon  des  dpalssmrs_ 

La  plioe  thermofomide  a dtd  ddooupde.pour  le  oontrdle  des  dpalsseura,  sur  las  mdrldiens  sens  longet 
sans  trsvers  du  laalnaga. 

On  observe  > 

a/  une  oertalna  homogdndltd  dans  la  distribution  des  dpalsaaurs  *sana  l«ig"  at  "sens  trsvers" 

b/  que  les  dpalsseurs  mvIm  sont  locallsdea  prfes  de  I'enoastranient  du  flan,  alors  qua  lea  dpals- 
saurs  minliaa  apparalssent  sur  le  rayon  Inteina  de  la  desil-ooqullle  oil  nous  avlons  ralevd 
I'aUongement  maximum.  Les  rapports  respectlfs  de  oes  dpalsseurs  sur  I'dpalsseur  inltlale  du 
flan  apparalssent  comma  suit  : 

*min  / *0  • 0,5^ 


- Conti^le^gdomdtrique_de  l«_Pl^oa_ 

Le  profll  extdrleur  de  la  deml-ooqullle  est  une  rdpllque  oenforme  de  la  matrloe  et  les  rayons  r • 3 mn 
projetds  pour  la  plan  de  Joint  k bords  relevds  sont  parfaltement  callbrds. 


d'una  dbauoha  deml-torloue  pour  oapacltds  assembldes  par  bombardement  d'dleotrons 


Pour  oe  fairs,  la  ma>.rloa  est  dqulpae  avec  les  rondel- 
lea  extdrleura  et  Intdrleure  r - 16  nn  et,  ooigita  ’ 
tanu  des  rdsultats  prdoddents,  nous  avona  ddoldd  s 

- dtt  travalller  k la  tan^^rature  900®C  ^ 

$ . 

- da  oMiserver  la  modulation  da  la  mlse  an  prea- 
slon  appllqude  au  oours  de  I'essal  (of  fig. 13).  | 

Rdsultata  | '' 

- Ma8ure_des_ddforMtlona  * - 

one  nouvalle  fols,  nous  observons  que  las  dd-  ' - j 

formations  mesurdes  dans  le  sans  long  et  le  sens  j 
trsvers  du  laailnaga  sont  trds  homogdnes. 

On  oonstate  s 

a/  lai  allongamsnt  limiortant  sur  la  zona  Intdrleura 
de  la  pldoa 

b/  que  1 'allongamant  mazlmun  ct  6rf,^  eat  h nou- 
veau looallsd  sur  le  rayon  interne  du  dami- 
tore. 

- RdgarUtlon  des  dpalaseurs_ 

Lea  valeurs  enregistrdes  sont  senslblemant 
identlques  pour  la  sans  long  et  la  sans  trsvers 
du  lamlnage  at,  une  nouvalle  fols,  lea  dpals- 
seurs  mini  at  maxi  sont  looalladea  sur  las 
rayons  interne  et  externa  du  tore  aveo  i 

a , / a m 0,48 


nsAiUrisn  da  to  praosioA. 
d MtoaiMO'C.Nar  900*C. 


- Contr01e_gda^tidqtw_da  ^_pi4oe_ 

Las  rdsultats  enreglBtrds  sont  rlgoureusamant  idantlques  4 oeux  de  I'essal  pi<daddant. 
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"•  Sus>g2_d^un<ufbMioha_4aal^2toriju«j20jtf_o«g«oiMa_UMi^<«8_^ar_^«^md«iMit_d^AaotrM 

C«t  aBMl  • 414  T4«liB4  dans  1*  but  da  vdrifler  I'lnfluanoa  da  la  vltaaaa  da  ddfomatlon  aur  la  i^partltloo 
daa  dpalaaaura  at,  pour  oala,  an  na  modlflant  qua  laa  taaq>a  da  Bodulatloo  da  la  alaa  an  prasalon  qul  aont 
dlTlsda  par  2;  noua  avona  oonaarvd  toutas  laa  autraa  ooodltioaa  da  I’aaaal  n*  2. 

Maultata 

- maura_daa_d4foimUona 

On  obaarva  una  dlaparalon  plua  prononoda  dana  la  naaura  daa  ddformatlona  "acns  long"  at  "aena  travars" 
du  laalnaga  at  11  apparalt  in  ^laaaaant  nolns  Inportant  du  flan  aur  la  zona  Intdrlaura  da  la  plioa. 

- Mgar^tlon  daa  dp^aaaura 

Mora  quo  noua  avlona  anragiatrd  in  4oart  Bazl  - 0,02  mt  au  ooura  da  la  noauro  daa  4palaaauni^"Bana  long" 
at  "aana  travara  * aur  la  plica  n*  2,  noua  obaorvona  oatta  fola  daa  doarta  plua  laportanta'  (0,10  m aatxl) 
pour  eaa  HlbMa  looturaa  aur  la  plioe  n*  3,  avao  i 

•■in  / *0  “ 

•mx  / *0  “ 

/BSM  n*  4/  - Fonnga^^indaa|l^tora__avao_^an_da_Jolnt_i_bordaralo^ 

Suita  k I'aaaal  n*  1 at  ddaonatratlon  falta  quo  I'on  peut  fonaar  daa  daal-toraa  avao  daa  rayona  d'antrda  - 
1,5  • aur  la  natrloo,  noua  arena  aiqiprlad  laa 
rondallaa  Intaiaddlalraa  artdrlaura  at  Intdrlouro 
aur  I'outlllaga  at  nodlfld  la  wtrloo  an  y rap- 
portant  laa  rayona  d'antrda  m 3 an. 

L'eutlllago  alnal  oonatltud  a dtd  utlllad  pour 
I'aaaal  n*  t at  laa  aaaala  da  la  phaao  II  (n*  5- 
6-7-8). 

A notar  qua  laa  oondltlona  da  foraago  devlannont 
plua  faolloa  dana  oatta  oonflguratlon,  pulaquo  t 

Ajt  ■cyan  aur  la  adrldlan  da  la  plica  • 27^, 
alora  quo  noua  avlona  A%  - i|6,3  pour  laa  aaaala 
n*  2 at  3. 

- Cff|Al.t4,aQa..g^p4n)-£B_<^  ^VAl^  ai>SPlfiX<tJC>a»L 

1 1 d* JJk  &)«■£  i. 

- taupdratura  da  foraago  t 900*C  * ^ 

- Bodulatlon  da  la  alaa  an  praaalon  (of.  fig.  14) 

- M^ro_daa  ddforaatlona 

Laa  Boauraa  "aena  long"  at  "aena  travara"  du 
laalnage  aont  tria  hoanginaa. 

- Rdgartltion  dM  dpMaaeura_ 

D'una  nanlira  gdndrala,  la  rdpartlUon  daa  dpalaaaura  naaurdaa  "aana  long"  at  "aana  travara"  eat 
honogina  (doart  nazl  anraglatrd  - 0,05  an) 

•m  / -o  ■ 0*5^ 

•a«  / •»  - ®*76 

2V_Phaaa_2  - TIO 

.»  Noua  davona  raipelar  qua  laa  oondlUona  do  travail  adoptdaa  pour  oatta  dtude  aont  rlgourauaeoent 

Tldentlquaa  i oallaa  dtabllaa  pour  I'aaaal  n*  4,  at  la  aaul  paraaitre  nouveau  qul  Intarvlent  dana  oatta 
phaao  eat  1 'utUlaatlon  da  flana  T-A6r  aaaeablda  i borda  f ranoa  par  aoudure  TIO. 
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Pour  oat  essal,  blen  qu'auouno  anooalla  n’alt  4t4  oon«tat4a  au  oours  da  la  alaa  an  praasion  du  flan,  la 
pl^oa  fomda  prdaenta  una  nq|>tura  du  oordon  da  soudura  looalls4a  aur  la  rajroD  da  bord  toatid  tntama. 

Rdaultata 

- Ma8ura_dos_ddforMtlana 

Malgrd  la  nature  obaarvda  oi-daaaua,  la  dlaparslon  aat  tr6s  falbla  pour  laa  maauraa  *8ana  long*  at 
*aana  travara"  du  laalnaga. 

- Repartition  das  epal8sev^_ 

mna  raoarqua  qua  ol-desaua  (doart  aaxl  anraglatrd  0,06  h),  avao  i 
•idn  / "o  - 0*53 

•aauc  / *o  ■ 0*^ 

- Contr61e  gdotadtrlque  da  ^_pieoa 

Au  sonat  du  dsail-tora  at  aur  la  nerldlan  naterlallad  par  la  oordon  da  aoudura,  la  flan  n'aat  paa 
parvenu  au  fond  da  la  loatrloa  alors  qua  partout  alUaurs  la  pldoa  aat  parfaltanant  oallbrda  au 
profU  axtdrlaur. 

/ESflAI  n*^  - Etudo_du_^fOTjage^dSm_dajl;;tora_kjartlr^^ja»^«jojide^noJ|aaw^ravara* 

lA  anoora,  Dalgrd  I'abaanoa  d'un  slcpial  da  "oravalaen*  au  ooura  da  la  aiaa  an  praasion  du  flan,  um 
ruptura  du  cordon  do  soudura  s'ast  produlta  aur  la  rajron  du  bord  toaM  Intarna. 

- Hasura  das  ddformtlons 

Auouna  dispersion  oairquanta  n'ast  apparua  au  oours  do  la  aasuro  das  ddfoiwtloaa  *aana  long*  at  "sons 
travara*  du  laalnaga. 

-_Repartltlon_das_epals8eurs 

Sur  ootta  pldoe,  la  repartition  doa  dpalaaoura  aasureaa  *aana  long*  at  *aana  travara*  sat  hoaogtna, 
nala,  oetta  fols,  I'eoart  naxl  - 0,04  ni  aat  anraglatrd  aur  la  rayon  Intaraa  du  dral-tara.  I 

•nln  / "o  - O.'^S 

•sax  / "o  - 0.75 

- Contrdla  geonetrlqua  da  l*_piioa_ 

L'etat  da  la  plfeoa  eat  rlgoureuaaaant  ooagMuable  A oalul  da  la  plAoa  forodo  pr<n<i1aiaTit 

/E33AI3  n*  7 at  8/  - Etude  du  foraaga  d'  ua^aal^tora^jarti^dSaj^lanraude^I^^ajnj^long^^JJ  ^ 

*aana  travara^"^*™**"™ 

Cos  eaaals  ont  ete  rdallaes  dans  la  but  da  verifier  una  nouvalle  fols  laa  poaalbllltea  da  foraaga 
d'un  flan  soudd  TIO  at,  pour  oe  fairs,  nous  avons  rooondult  Intdgralraant  laa  oondltlons  da  travail 
das  esaals  n*  5 at  6 an  utlllsant  i 

- 1 flan  T-a6v  soude  sans  long  pour  I'esaal  n*  7 

- 1 flan  T-A6V  soude  sens  travers  pour  I'aasal  n*  8, 

Rdaultata 

Pour  ohaoun  da  oas  essals,  las  rdsultata  ont  ete  Idantlquas  A oeux  das  assala  n*  5 at  6 at  la  r\q>tura 

systeoatlqua  du  oordon  da  soudura  TIO  sur  la  rayon  du  bord  toabd  interne  a du  >tra  ddoaiea  A la  j 

oraaalon  a s.S  bara. 

i 

3V  a 3 I 

Suita  aux  rvpturoa  aystdratlquoa  obsarveas  sur  las  flans  soudds  TIO  n*  5 A 8,  11  a dtd  ddoidd  da  ] . 

aodlflar  I'outlllage,  dans  la  but  d'andllorar  la  gllsaeawnt  du  flan  sur  la  partle  oantrale  da  la 
natrioa  at  d'obtanlr  alnsl  una  aalUaura  repartition  das  dpalsseurs. 

I 

I 


J 


n 


‘■'1 


Li 


II-IS 


Pour  0*  fkire,  noua  aveoa  & nouvMtu  <qulp4  1«  aatno*  aveo  raodellaa  azt^rleura  at  Int^rtaura 
proflltfaa  aalon  la  flgura  I5. 

A notar  qua,  dana  oatta  oonfiguratlon  qul  a 4t4  4tablla  dana  Xa  aouol  da  Xlaltar  la  ooQt  at  la 
oyola  da  oatta  modlfloatlao,  noua  avona  t 

Boyan  aur  la  grfridlan  da  la  plfeoa  m 32,2  jt,  alora  qua  noua  avlona  Aj(  - 27  pour  laa  aaaala 
oltda  ol-deaaua. 


. 1 0*P 

Taaqi^ratura  da  fonaaga  900®C  ^ 

Modulation  da  la  mlaa  an  praaaion  du  flan  aulvant  flgura  16. 


FiJ-M 


/E3SAI  n°  Q/  - Etuda  du  foraage  d'un  daml-tore  k parUr  d'un  flan  da  r<f<ranoa  non  aoudd 
R^aultata 

-_Me8ure  des  d<foriiiatlora_ 

Auoune  dispersion  Importante  n'a  iU  relev^e  au  eours  de  la  masura  das  difomatlons  "sens  ^ong"  at 
"sens  travers"  du  lamlnage. 

Une  nouvelle  fois,  I'allongement  maximum  Ci  605<  est  looallstf  sur  le  rayon  interna  du  tora, 

- Repartition  des  epalssaurs 

Au  oours  de  la  mesure  des  epalsseurs  "sens  long"  et  "sens  travers"  du  lasilnage,  I'eoart 
naxl  • 0,04  nn  est  localise  au  sonnet  du  deml-tore. 

La  repartition  des  epalsseurs  est  mellleuiv  que  dana  las  assals  de  la  phase  2 t 
•min  / “o  - °*55 
- 0,71 


e / e 
max  o 


/ESflAI  n*  10/  - Etaide^u^formag^^^ut^degL-^r^_^^artir_d|»aW^njBOude_T^^8ai8_lMig" 

Lea  conditions  da  travail  appllquees  pour  oet  essal  sont  rlgoureusement  Idantlques  A oalles  de 
I'essal  precedent  et  lea  resultats  obtanus  sont  satlafalaants  oar  le  daml-tore  a ete  forme 
avec  sucoes,  aana  rupture  du  cordon  da  soudure  TIP. 


Resultats 

- Mesure  des  defonnatlons 


Las  deformations  oonstateea  au  oours  da  oe  oontr61e  sont  trfea  peu  dlfferantas  das  valeurs  anraglstreas 
pour  I'essal  n°  9. 

-_Repartl  tlon_des  _epals8ai^ 

Par  rapport  A I'essal  precedent,  la  dispersion  est  plus  Importante  dans  la  masura  des  epaiasaura 
"sens  long"  at  "sens  travers"  et  I'eoart  maxi  *0,08  nn  est  snraglatre  sur  le  rayon  Intama  du 


deml-tore. 


•min  / •o 


0,44 


•max  /•o  - 


Pour  oe  oas  1 
- Contr61e_geometrlque  de  la  plAoa 

Le  profll  exterlaur  de  la  deml-ooqullla  ast  una  rApllqua  oonforme  da  la  matrloe  at  la  "bourralet" 
qua  noua  oralpiions  voir  subslstar  aur  la  plAoa,  au  droit  du  cordon  do  aoudure  TIO,  ast  Inexlstant. 


f 


11-16 


Tina  naatTs  TiiriwmTBr.q  hr  vnmktK  rm  narr-sPHiTOS 
!««««■  induatrl^a  ala  Mi  o«uvr«  nour  1»  ttaMMOforMtw 
1*/ 

t>«m  vn  four  k 9eO*C,  Mt  pl«e<  in  outlUas*  aoH|>os4  do  2 dnl-oph^roo  ontre  loaquoUoa  aont  tfllaadoa 
deux  tOloa  do  T-A6v  aouddoa  k lour  pdrlphdrlo,  aur  un  dlanktro  do  740  an. 

Loa  douz  dOBl-aphkroa  do  ft  560  ■■  ont  dtd  fabrlqudoa  on  fonto  rdfraotalro  au  nlokol  ohroao. 

La  aaaao  totalo  do  I'maoaiblo  oat  1120  kg. 

Aprka  ooulago,  la  plkoo  a itS  rdualndo  pour  obtonlr  la  profU  Intomo  axaot  do  la  aphkro.  loa  plana  do 
Jolnta  at  loa  flxatlona. 

Loa  doux  aoltlda  do  I'outlUago  aont  aaaaabldoa  par  doa  axaa  olavattda. 

2*/  Aaaoafclago  doa  tOloa 

Loa  doux  t&loa  do  T-A6V,  d'dpalaaour  Inltlalo  3 sobt  ddtourdoa  aoua  fomo  do  dlaquoa  do  740  b 
do  dlaaktro. 

Afin  d'dvltor  lo  rotralt  doa  flana  lora  du  foraago,  noua  avona  tout  d'abord  aoudd  oaux-ol  aur  uno 
oouronno  olroulalro  aupport.  Cool  dtant  inaufflaant,  11  a fallu  raldlr  ootto  oouronno  par  uno 
plaquo  Intomo. 

Lo  flan  oat  forad.aprka  hoaogdnalaatlon  doa  taapdraturoa,  on  Inaufflant  do  1' argon  aoua  proaalon 
ontro  loa  doux  tdloa  aouddoa.  Lo  gaz  oat  onvoyd  k ddblt  oonatant  par  bouffdoa  dana  la  oavltd 
(1,11  dm?  toutoa  loa  2 nlnutoa,  k 0*C  at  1 bar  do  proaalon).  La  aurproaaloo  A P orddo  dana  la 
oavltd  provoquo  uno  ddformatlon  doa  tftloa  at  dono,  fait  rodoaoondro  la  proaalon  k P -f  A 'P 
( A'P<&P)  par  aoorolaaoBMnt  du  volumo  offort.  Lo  oallbrago  fait,  la  proaalon  orott  llndalromont. 
Done,  aprka  doux  houroa  anvlron  k 920*C,  loa  flana  auront  prls  lour  forma  doml-aphdrlqua,  avoo  uno 
dpalaaaur  Idgkromont  ddorolaaanto  antra  I'axtdrlour  at  lo  oantro, 

Lo  nontago  et  loa  tftloa  T-A6V  aont  protdgda  do  I'oxydatlon  par  du  prodult  Kal-gard. 

Lo  ayatkM  do  malntlon  doa  doux  deail-aphkroa  par  axo  olavotd  oat  offloaoo  at  faoUo  k mployor. 

La  blooago  doa  flana  par  la  oouronno  do  malntlon  oat  offloaoo,  mala  loa  offorta  aont  tola  qua 
la  plaqua  Intomo  ao  ddformo  mtlgrd  tout. 

ru.ii,da  - Rdaultata 

- Quatro  oaa^a  do  formago  do  afi^^o  do  ^amktro  §8p  M_k_partlr  do_t61o  do_^_nm 


( lA  lAl  1*  olnuffo  h - 120  mi 
( 1A2  2*  ohauffo  Inoo^lkto 
( 

( IB  • ■ 


850*0 


2* 


4* 


( 2A 

( 2B 

( > 

( 3B 

( 4A  ) 

( ( 

( 4B  ) 


fomdoa,  ualndoa  ohlmlquamont  aouduro  BE  flnalo 

850*0 

dprouvottoa  ( R,  Ajt,  dpalaaaur)  850*0 

yipv  mo 


920*0 


Chaquo  oaaal  a fait  I'objot  do  rolovda  dlmonalonnola  aur  8 mdrldlana  dlvlada  ohaoun  on  8 polnta. 

On  noto  ainal  una  dlaporslon  aur  loa  dpalaaoura  obtonuaa  da  8||(  an  moyonna  aur  un  mteo  parallklo. 
U.  aat  k notor  quo  la  dlaporalon  aur  1 'dpalaaaur  inltlalo  da  la  tSlo  oat  do  yH. 

Pour  loa  doux  ti^draturoa  rotanuoa,  loa  paramktraa  da  fomago  ont  dtd  loa  aulvanta  1 

( 850*0  I t - 1 h 25,  P - 2 bara 
( 920*0  I t . 1 h 17,  p - 0,8  bar 


n-17 


On  paut  dlra,  an.  praaiira  approzlmtlon,  qua  la  prassicn  da  foraa'^  aat  proportloonalla  k I'dpalasaur 
k formar  at  Invaraagwnt  propoftlonnalla  au  diaa^tra  da  la  apbfera  k otottair. 


F . k 


£ 

D 


•t  ( Po 

Fo  - k ^ assal  da  rdfdranoa  ) £« 

Do  ( *0 


0,8  bar 
580  BB 


- 1 h 17 


! 


i 

' I 

L'lnfluanoa  da  la  taaqpdratura,  oogq>ta  tanu  du  fait  qua  noua  n'ayons  qua  daux  valaurs  aat  approoMo  | 

par  una  lol  llndalra  sur  I'lntarvalla  850*0,  920*0.  H 


i 

I 

I 

i 


**  - 16,57 

(bara) 


0,01714 


T 

CC) 


Variation  daa  dnalaaaura  s pour  laa  aaaala  laa  plua  oorraota 


( 

( 

920*0  ( 
t - 1 h 17  ( 
( 
( 


850*0 
t > 1 h 25 


( 

( 

( 

( 

( 

( 


SI 

ao 


a« 


0,?6 


0,65 


Un  foraaga  plua 


long  1 taopdratura  plua  baaae  donna  laa  ntoaa  rdaultata  qu'k  920*0. 


- Tonua  da  l'outlHa«i  A» 

L'outlUaga  an  foota  grlaa  nlokal-ohroaM  a it4  ualnd  1 la  oota  0^  ol-^laaaoua  1 

0^  . 580,10  M 

Apr4a  3 oyolaa  da  fomaga  i 

0^  m 581,45  H 

Apr4a  5 eyolaa  da  fomaga  t 

0^  . 581,80  m 

I/’ovallaatlon  du  profU  raata  da  I'ordra  da  ± 0,1  ka. 


La  aolutlon  qul  davra  palllar  oa  ddfaut  ocnalatara  A ohangar  la  naldrlau  pour  un  aolar  fortanant 
allld  ayant  una  tanua  awlllaura  k hauta  tanpdratura,  nala  ausal  un  prlz  plua  dlavd. 


La  dlffdranoa  da  dilatation  tltana  T-A6V  at  fonta  obllga  A ddnoular  I'anaanbla  A ^ 300*0. 

ooHEmaiaa 

Laa  dtudaa  thdorlquaa  at  laa  applloatlona  Induatrlallaa  da  la  auparplaatloltd  da  I'alllaga  T-A6V 
pamattant  da  ddgagar  laa  polnta  aulvanta  1 

- L'dtuda  ndtallurglqua  nontra  qu'au  ooura  da  la  ddforaatlon,  la  atruotura  aoloulalra  rdaultant 
du  aoudaga  ou  d'la  traltanant  dana  la  doaalna  (V  dvolua  vara  \aia  atruotura  A gralna  flna  oaraotd- 
rtatlqua  du  oo^ortaaiant  auparplaatlqua.  Oatta  dvolutlon  a'affaotua  aoua  una  oentralnta  d'dooula- 
■ant  plua  dlavda  dana  la  zona  aaudda  qua  dana  la  aatdrlau  da  baaa,  A ddfomatlcn  Idantlqua. 

Oaa  rdaultata  ent  dtd  oonflmda  lora  daa  aaaala  da  thamofomaga  da  danl-toraa. 

- Far  la  alaa  an  oauvra  d'un  outUlaga  deonoadqua,  laa  aaaala  Induatrlala  ont  pamla  da  vdrlflar 
laa  poaalbllltda  da  fabrloatlnn  da  plAoaa  par  thamofomaga  A partlr  da  flana  T-^6V  aoudda  ou  non. 
Oaa  aaaala  ont  pu  ttra  affaotuda  dana  laa  oondltlona  proobaa  da  oOllaa  anvlaagdaa  par  I'dtuda 
thdorlqtta  prdalabla. 


ji 
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- h'tammm  dM  plkoM  alnal  fontes  - idpartltlon  dM  dpalMWre,  stmotura  attallurgl^u*  - ooDdult 
^ poaar  oartalnaa  oeodltlona  k I'utlliMtlaa  da  oa  prooddd  da  fabrloation. 

- Four  las  baaolns  sdronautiquaa,  taujours  sd^irsMot  taldranods.  oaa  plioas  na  saxant  qua  das 
dbsuohas  esllbrdas  9ui  saront  adoassslraMnt  raprlsas  par  un  uslnsga  Intdrlaur  oonvantloanal. 

- Una  oonpsrsltan  das  ooQts  da  fabrloation,  par  trols  adtbodos  t satrlgaga,  asboutlasage  at 
suparplastloltd,  aontra  I'lntdrdt  doonoalqua  da  oatta  dsmldra  . (of.  tabloau  ol-aprds) 


nOMPABAiaOH  DES  PRIT  BgaTTPa  pg  ^T.TfUTIOII  DE  SPITOS  Bt  T^6V 
DE  DttMElBB  600  » ET  D'EPAT5i™m  n A — 

FMt  moia  METHOCES  s 

satrlgaga,  anbeutlssaga  ii  otiaud  at  suparplastloltd 
(oaloulds  pour  isia  sdrla  da  10  s^i^ras) 


' Matrlgago 

t ^boutlssaga 
s k ohaud 

' St^arplastloltd 

: 

t 

t 

t 

t 

s 

s 

t 

t a dm  Mktrlgag* 

t 2.55 

t 

t 

I 

t 

* . d'asboutlssaga 

t 

1 0,45 

t 

t 

t . da  forsaga 

t a . a a 

1 o,8o 

1 

^ . dm  tour 

s 

1 0,93 

1 0,93 

1 0,50 

t 

1 . da  oontrOla 

t 0,16 

t 0,16 

1 0,16 

t 

1 . d'uslnaga  ohlalqua 

t 

1 

1 0,25 

s 

t . da  traltasant  tbarslqua 

t 0,30 

« 0,30 

t 

^ a do  oouduro  BE 

t 

1 

1 0,96 

1 0,96 

» 

1 0,96 

1 

s 

s 

t 

' Totaux  outlllagas 

; ‘ 4,88 

1 2,8o 

; 2.68 

t 

t 

s 

1 (1  sphira) 

t 

t 

t 

: 

t 

I 

t 

t 

t 

t 

1 

1 

1 . tftla 

t 

! 0,28 

! 0.12 

t 

t 

1 (•  - 7 n«) 

1 (•  - 3 ■) 

t 

t . dbouoho  aotrlodo 

t 

1 

I 0,91 

t (a  - 14  H 

t 

If  a.  a. 

S 

1 

1 

1 

1 

I 

t 

t 

s 

' . Foisaga 

t 

1 0,13 

1 0,10 

t 

1 . Tour 

« 0,45 

» 0,30 

f 0,15 

t 

' . ContrAla 

1 0,10 

1 0,10 

; o,o8 

1 

t . Uslnaga  ohlalqua 

t • a • . 

t a a a a 

1 0,10 

I 

' . Soudura  BB 

' 0,14 

\ 0,14 

1 0,14 

I 

1 . Conti41a  radio 

1 

1 0,04 

1 0,04 

1 

t 0,04 

t 

t 

t 

t 

1 0,73 

1 0,71 

J 0,61 

t 

t 

1 opQt  laltalra  d'una  sphbro  pour  ua 

1 Isnosawit  do  10 
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Forced  convective  cooling  of  superalloy  powders  generated  by  rotary  atomization  is  a method 
(designated  RSR)  to  produce  bulk  quantities  of  metal  solidiHed  at  rates  near  10*  to  10*K/sec.  The  basic 
design  concepts  for  the  RSR  process  center  about  a high  speed  turbine  driving  a rotary  disk  which 
disintegrates  a molten  stream  of  metal  into  Hne  particles  and  accelerates  them  into  an  environment  of  high 
velocity,  high  mass  flow  helium  quench  gas.  The  process  has  achieved  throughput  rates  which  are  favorably 
comparable  to  those  of  conventional  industrial  powder  processes.  More  than  ISO  superalloy  compositions 
have  been  processed  by  the  RSR  process.  Typically,  these  alloy  microstructures  can  be  characterized  as 
supersaturated  solid  solutions,  of  high  incipient  melt  point,  and  near  perfect  chemical  homogeneity.  The 
boundary  limits  within  which  alloying  can  Ire  effectively  achieved  are  beyond  those  deHned  for  conventional 
processes.  Consolidation  of  particles  and  subsequent  working  operation,  such  as  extrusion  emd  forging,  can 
be  accomplished  satisfactorily  under  parametric  conditions  normally  used  for  superalloy  processing. 
Metallurgical  and  mechanical  tests  of  superalloy  compositions  produced  in  the  RSR  manner  indicate  that 
the  process  offers  advantages  relative  to  alloy  strengthening,  microstructure  stability  at  high  temperatures, 
and  resistance  to  environmental  degradation.  Immediate  application  of  the  process  is  directed  toward 
producing  turbine  blades  for  high  performance  gas  turbine  engines.  Results  to  date  show  that  a IlOK 
increase  in  material  temperature  capability  can  be  achieved  with  RSR  alloys  over  presently  used 
directionally  solidified  superalloys.  Further  beyond  the  blade  application,  concurrent  studies  show  that  the 
RSR  process  can  have  a major  near  term  impact  on  components  such  as  turbine  disks  and  inlet  guide  vanes 
and  can  lead  to  major  improvements  in  operating  efficiencies  and  performance  of  tomorrow’s  tur- 
bomachinery. 


INTRODUCTION 

The  strongest  superalloy  turbine  airfoil  used  in  today’s  most  advanced  production  jet  engine  is  cast  from  a 
composition  developed  more  than  15  years  ago.  This  composition  is  the  alloy  Mar  M 200  and  the  application  is  in  the 
Pratt  & Whitney  Aircraft  Fl(X)  engine,  which  powers  the  USAF  F-15  and  F-16  aircraft.  Better  component  design  and 
better  materials  processing  have  enabled  significant  gains  in  jet  engine  performance  since  the  alloy  was  introduced; 
however,  it  is  apparent  now  that  turbomachinery  cannot  be  improved  further  until  better  superalloys  become  available. 

The  greatest  contributing  factor  to  this  15-year  leveling-off  period  has  not  been  the  lack  of  development  interest; 
every  major  aerospace  organization  has  performed  extensive  efforts  to  further  upgrade  turbine  blade  superalloy 
capability.  Rather,  it  is  that  the  boundary  conditions  imposed  by  exclusive  use  of  vacuum  induction  melting-vacuum 
arc  (or  electroslag)  remelting  have  been  reached  and  cannot  be  extended  without  a change  to  this  mode  of  processing. 
These  boundary  conditions  exist  in  the  form  of  chemical  segregation  of  ingot  or  casting,  which  subsequent  solid  state 
operations  cannot  eliminate. 

Rapid  solidification  of  powder  metals,  i.e.,  in  the  range  of  10*K/sec  and  faster,  has  been  shown  in  the  laboratory 
to  provide  unique  and  distinct  characteristics  which  circumvent  these  alloying  constraints.  Massive  phase  reactions, 
eutectic  formations,  and  abnormally  low  incipient  melt  temperatures  are  eliminated  with  this  approach,  all  of  which 
are  common  to  conventional  casting  processes.  Additionally,  alloying  boundaries  are  expanded  such  that  more  effective 
utilization  of  refractory  alloying  additions,  interstitials,  and  precipitation  hardening  elements  is  achieved. 

Finally,  the  homogeneity  resulting  from  such  a process  enhances  the  metallurgists’  capability  to  work  the  material 
into  a desired  form  and  subsequently  to  heat-treat  for  maximum  strength. 

As  a result  of  these  findings,  the  U.S.  Defense  Advanced  Research  Projects  Agency  (ARPA)  initiated  a program 
with  Pratt  & Whitney  Aircraft  to  develop  the  technology  for  gas  turbine  airfoil  application.  'Two  objectives  were 
established.  The  first  was  to  demonstrate  that  rapid  solidification  of  superalloy  powder  could  be  achieved  under 
circumstances  of  realism  relative  to  jet  engine  requirements  for  volume  production  of  material.  The  second,  and  most 
important,  was  to  apply  the  technology  in  order  to  develop  a superalloy  composition  which  could  increase  the  turbine 
airfoil  metal  operating  temperatures  in  the  FKX)  engine.  Specifically,  the  goal  was  set  at  an  improvement  of  55K 
operating  capability  over  the  best  turbine  airfoil  material  now  in  production. 
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A device  for  producing  rapidly  solidified  alloy  powders  was  constructed  by  Pratt  & Whitney  Aircraft  which  uses  the 
principle  of  forced  convective  cooling  of  molten  particles  accelerated  from  a central  source  into  a high  conductivity  gas 
quench  medium. 

The  actual  rig  is  shown  in  Figure  1 emd  uses  helium  as  the  quench  gas.  llie  atomizer  is  a spinning  disk  driven  by 
a radial  impulse  turbine.  The  present  melt  capability  is  45  kg.  The  imit  is  equipped  with  high  speed  recorders  and 
cameras,  and  real  time  video,  for  data  acquisition.  The  operating  parameters  can  be  varied  independently  for  individual 
study.  Maximum  capability  now  is  (1)  turbine  speed,  26,CXX)  rpm;  (2)  He  mass  flowrate,  0.91  kg/sec;  and  (3)  He  velocity, 
0.7  Mach;  (4)  metal  flowrate,  0.23  kg/sec. 


Figure  I.  Rapid  Solidification  Powder  Rig 


The  sequence  of  events  for  operation  is,  in  order,  (1)  vacuum  induction  melting,  (2)  He  back  filling,  (3)  turbine 
activation,  (4)  liquid  metal  pouring,  (5)  gas  injection,  (6)  atomization,  and  (7)  collection.  The  operation  is  shown  in 
Figure  2.  Steady-state  atomization  occius  within  a fraction  of  a second  after  startup.  Total  system  equilibration,  as 
measured  by  cooling  water  temperature  stabilization,  occurs  after  about  12  to  14  sec  into  the  run. 

Operation  in  the  mode  described  results  in  a high  yield  of  powder  of  the  size  fractions  desired.  Figure  3 shows  the 
statistical  distribution  of  powder  particles  generated  at  a turbine  speed  of  24,000  rpm  and  a metal  mass  flowrate  of 
0.18  kg/sec.  The  total  powder  yield  approaches  98%  of  the  poured  metal  charge,  with  about  70%  of  this  amount  in  the 
size  range  commensurate  with  greater  than  10*K/sec  cooling.  The  distribution  for  most  (95%  of  total)  of  the  particle 
sizes  appears  statistically  as  a normal  distribution,  which  is  highly  desirable  since  it  typifies  a narrow  particle  size 
range.  The  upper  deviation  is  attributed  to  transients  on  startup  and  shutdown. 

Cooling  rates  analytically  predicted  for  this  device,  as  a function  of  particle  size,  are  shown  in  Figure  4.  They  are 
compared  in  this  figure  to  rates  possible  with  infinitely  fast  heat  transfer.  It  is  interesting  to  note  that  only  about  2-3 
orders  of  magnitude  separate  the  rates  possible  with  forced  convection  with  He  (the  quench  medium  used  in  the  rig) 
from  those  obtained  when  resistance  to  heat  extraction  is  nil.  Dendrite  arm  spacing  (DAS)  is  a widely  used 
measurement  of  cooling  rate.  In  relating  measurements  of  DAS  from  powders  produced  by  this  method  to  actual  cooling 
rate  and  to  the  analytical  predictions,  it  is  evident  that  expectations  have  been  achieved.  Figure  5 shows  the 
relationship  of  the  analytical  prediction  to  experimental  results. 

The  powder  produced  by  this  process  is  spherical  and  free  from  the  aggregate  buildup  common  to  conventional  gas 
atomization.  This  is  important  for  efficient  heat  transfer  and  is  the  result  of  all  particles  attaining  the  same  initial 
velocity  and  proceeding  on  trajectories  common  only  to  the  same  particle  sizes.  The  tap  density  of  the  material  is  about 
63%  of  theoretical.  Experiments  which  were  run  to  determine  whether  settling  of  the  fines  would  occur  in  a 
containerized  situation,  resulting  in  local  density  variations,  proved  negative.  Even  after  extensive  vibration  in  a 
confined  stack,  no  variation  in  starting  density  was  evident.  The  typical  appearance  of  the  powder  is  shown  in  Figure  6. 
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Figure  2.  Appearance  of  RSR  Atomization 
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Figure  3.  Accumulated  Weight  % vs  Particle  Size 
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Figure  4.  Cooling  Rates  Possible  in  Superalloy  Powder 
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Figure  6.  Surface  Appearance  of  INIOO  Alloy  Powder 


More  than  150  experimental  superalloy  compositions  have  been  atomized  and  evaluated  to  date.  All  fall  within  the 
general  class  of  precipitation  hardening  nickel-base  alloys  but  can  be  categorized  further  according  to  the  following 
particulars: 

1.  Conventional  precipitation  hardening  superalloys 

2.  Alloys  normally  referred  to  as  DS  eutectics 

3.  Alloys  with  high  y’  concentrations  (>60  a/o) 

4.  Alloys  based  on  the  Ni-Al-Mo  ternary. 

Photomicrographs  of  alloy  powder  microatructures  are  shown  in  Figure  7 and  point  out  in  dramatic  terms  how  rapid 
solidiflcation  improves  chemical  homogeneity  and  suppresses  phase  reaction.  The  coarse  particles  (150  fim)  exhibit  a 
typical  dendritic  structure  with  fairly  extensive  reaction  in  the  interdendritic  regions.  As  the  powder  becomes  finer 
(100  nm),  a refinement  in  structure  and  suppression  of  secondary  reaction  is  very  evident.  These  two  conditions 
represent  cooling  of  about  l(PK/sec  and  about  lO'K/sec,  respectively.  When  even  finer  particles  are  produced,  such  as 
those  shown  in  the  lower  photos,  almost  complete  homogeneity  is  obtained.  Secondary  reactions  in  these  cases  are 
minimal  and  the  structure  can  be  viewed  as  essentially  a single  phase,  supersaturated  solid  solution.  The  solidification 
rates  which  produced  these  structures  were  about  10*K/sec.  These  photos  are  of  the  alloy  IN1(X)  and  are  considered 
typical  for  all  alloys  evaluated  to  date. 

The  classically  dendritic  solidification  form  has  been  observed  in  all  runs  and  was  the  only  form  anticipated.  As 
is  also  shown  in  Figure  7 in  the  lower  left  photograph,  a microcrystalline  form  of  powder  developed.  This  form  of 
structure  was  observed  to  be  predominant  in  the  finer  powders  produced  by  the  atomization.  The  crystallites  have  a 
mean  diameter  of  about  2^m  and  are  free  of  any  dendrite  appearance.  Microprobe  traces  across  both  forms  show  that 
the  microcrystalline  form  is  more  homogeneous.  The  standard  deviation  of  Ti  (the  most  sensitive  element  to  our  probe 
analysis)  in  the  dendritic  material  was  about  18%;  in  the  microcrystalline  material  it  was  about  5%.  Both  are  a 
magnitude  or  more  better  than  the  alloy  homogeneity  which  can  be  obtained  by  other  process  techniques. 
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Figure  7.  INIOO  Alloy  Powder  Microstructures 


METALWORKING  AND  MECHANICAL  PROPERTIES 


Not  surprisingly,  the  parameters  for  consolidation  and  metalworking  were  different  for  those  rapidly  solidiried 
materials  than  for  the  conventionally  processed  alloy.  It  was  found  that,  typically,  recrystallization  temperatures  were 
higher  and  kinetics  of  reaction  slower. 

HIP  and  HS*  + isothermal  forging  were  satisfactory  methods  for  powder  consolidation  and  forming,  and  were  best 
accomplished  in  the  temperatiu«  range  of  0.8-1.0  of  the  principle  secondary  phase  solvus.  Recrystallization  was  not 
effectively  controlled  by  so  doing,  however.  Apparently,  thoee  particles  referred  to  as  microcrystalline  would  undergo 
superplastic  deformation  during  HIP  consolidation  and  result  in  little,  if  any,  deformation  of  the  dendritic  particles. 
During  isothermal  forging,  the  same  result  occurred.  Subsequent  annealing  at  very  high  temperature  (~0.9  T^)  was 
effective  in  eliminating  the  residual  cast  structure,  but  at  the  expense  of  grain  coarsening,  a condition  we  were  trying 
to  avoid.  HIP  consolidation  followed  by  extrusion  or  direct  extrusion  of  the  loose  powders  did,  however,  lead  to 
consolidated  product  with  a uniform  recrystallization  pattern.  The  extrusion  conditions  we  judged  best  included 
temperatures  again  in  the  range  of  0.8-1.0  of  the  principle  secondary  phase  solvus  and  reduction  ratios  in  excess  of  8 to 
1.  T^ical  examples  of  alloy  microstructure  after  extrusion  are  shown  in  Figure  8.  The  structural  uniformity  is  striking. 
No  massive  phases  exist,  the  precipitation  hardening  reaction  has  proceeded  with  almost  total  uniformity, 
recrystallization  is  complete,  and  the  grain  size  is  uniform  throughout.  The  incipient  melt  temperature  for  this  material 
was  measured  to  be  more  than  90K  higher  than  that  of  a conventionally  process^  alloy.  For  high  temperature  operation 
such  as  this  program  addresses,  this  could  be  one  of  the  major  factors  contributing  to  the  overall  success. 


MAR  M 200  Alloy 
RSR  108 
Mag:  lOOX 


Figure  8.  As  Extruded  Microstructure 


For  those  alloys  in  which  secondary  phase  dissolution  could  be  achieved  prior  to  melting,  it  was  possible  to  affect 
abnormal  grain  growth,  or  secondary  recrystallization,  by  annealing  slightly  above  the  phase  solvus.  Further,  it  was 
possible  to  control  the  grain  growth  by  zone  annealing,  such  that  aligned  grain  structures  of  the  type  shown  in  Figure 
9 could  be  produced.  This  condition  was  established  for  alloys  in  all  classes  but  the  eutectics. 


Figure  9.  Aligned  Grain  Microstructure 
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In  early  testa,  INIOO  alloy  was  heat  treated  in  accordance  with  specifications  for  standard  INIOO  material  (PWA 
1073)  and  repetitively  tested  in  tensile  and  creep-rupture  to  the  specification  conditions.  The  data  in  Table  1 showed 
that  tensile  properties  were  about  the  same  for  the  rapidly  solidified  material  as  for  the  conventional  alloy.  However, 
for  the  case  of  creep-rupture,  as  shown  in  Table  2,  the  rapidly  solidified  material  showed  a distinct  and  significant 
improvement  over  the  standard  alloy.  Both  the  minimum  and  average  test  results  for  the  fast  quenched  alloy  were 
above  the  4(r  upper  bound  of  the  PWA  1073  alloy.  Stated  in  other  terms,  this  says  that  in  testing  the  PWA  1073  alloy, 
the  chance  for  the  conventional  alloy  to  achieve  this  life  is  less  than  one  in  a million. 


Table  1.  Tensile  Properties  of  RSR  INIOO 


Temoerature  K 

0.2%  YS 

MPa  X 1(P 

UTS 

MPa  X Iff 

El 

% 

Ambient 

1.119 

1.580 

26.0 

Goal  at  Ambient 

1.124 

1.686 

22.0 

978 

1.100 

1.255 

14.0 

Goal  at  978 

1.089 

1.269 

17.0 

Table  2. 

Creep- Rupture  Properties  of  RSR  INIOO 

Sample 

Temperature 

K 

Street 

Mpa 

0.2% 

{hr) 

Life 

{hr) 

El 

% 

Smooth 

978 

661.6 

272 

■ 

Goal 

978 

661.6 

195 

- 

■ 

Smooth 

1006 

637.8 

- 

78 

7.7 

Goal 

1006 

637.8 

- 

34 

- 

Notch,  Kt= 

3.2 

1005 

637.8 

- 

96 

- 

Notch  Goal 

1006 

637.8 

- 

>34 

- 

Subsequent  to  abnormal  grain  growth,  the  conventional  series  of  modified  Mar  M 200  and  AF2-1DA  alloys  was  heat 
treated  to  re-solution  the  -y'  phase  (~1488K/4  hr/air  cool),  followed  by  somewhat  arbitrarily  selected  1353K/4  hr/AC  4- 
1148K/12  hr/AC  age  cycles.  Generally,  all  test  results  fell  in  line  with  those  of  directionally  solidified  castings  of  similar 
compositions.  Enough  evidence  was  gathered  to  show  that  increasing  the  concentrations  of  carbon,  or  refractory 
elements  of  y'  forming  elements,  increased  alloy  strength,  but  no  indications  were  detected  which  would  suggest  that 
major  alterations  to  this  series,  relative  to  strength,  could  be  achieved  by  powder  metallurgy  alloying  methods.  Grain 
orientation  in  these  powder  alloys  was  [110]  in  the  aligned  direction,  which  did  result  in  a substantial  increase  in 
modulus  of  elasticity  over  that  of  directionally  solidified  alloys  (approximately  double)  which,  in  turn,  leads  to 
favorable  benefits  for  turbine  blades  relative  to  engine  vibration  characteristics. 

The  Ni-Al-Cr  high  volume  fraction  y alloys  have  been  tested  to  date  only  at  1311K.  These  alloys  were  heat  treated 
similarly  to  the  conventional  series  but  with  solutioning  cycles  on  the  order  of  1598K.  These  alloys  were  surprisingly 
creep  resistant,  especially  in  light  of  the  simplicity  of  alloying  as  shown  in  Figure  10.  Obviously  refractory  additions, 
such  as  W,  Hf,  and  Nb,  improved  the  strength  of  the  base  Ni-Al-Cr  alloy.  The  most  interesting  feature  of  this  series  was 
that  the  alloys  exhibited  outstanding  oxidation  resistance  while  simultaneously  imparting  strength  levels  approaching 
those  of  the  Mar  M 200  composition.  In  concurrent  dynamic  and  static  tests  conducted  at  1423K,  the  oxidation 
resistance  of  these  alloys  was  judged  to  be  an  order  of  magnitude  better  than  that  possible  with  the  Mar  M 200 
composition.  Grain  orientations  were  the  same  as  noted  above. 

The  Ni-Al-Mo  series  were  heat  treated  in  the  same  manner  described  above  and,  typically,  solutioning 
temperatures  were  near  1588K.  As  can  be  seen  in  Figure  11,  the  strength  levels  attained  with  these  compositions  far 
surpassed  those  achieved  with  directionally  solidified  alloys  and  can  be  shown  to  be  a IlOK  improvement  in  the  high 
temperature  regime,  which  is  twice  the  level  of  improvement  set  as  the  objective  of  this  work.  The  strength  is  attributed 
to  a high  Mo  partitioning  to  the  y and  to  a finely  dispersed  a Mo  phase  in  the  Ni-Mo  matrix.  Alloy  modifications  are 
presently  being  evaluated  and  it  appears  that  substitution  of  elements,  such  as  W or  Ta  or  minor  additions  of 
interstitial  elements,  further  increase  strength  through  a series  of  dispersion  strengthening  reactions.  Grain  orientation 
with  these  alloys  was  [111]. 
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CONCLUSION 

Granted,  the  testing  has  only  started  and  the  amount  of  data  contributing  to  this  comparison  is  limited  with 
respect  to  the  rapidly  solidified  material.  However,  it  gives  every  suggestion  that  better  materials  are  possible  using  this 
process  mode.  This  is  especially  true  when  one  stops  to  consider  that  no  effort  was  made  to  develop  an  optimum  heat 
treat  for  this  material,  which  is  known  to  react  differently  to  the  precipitation  hardening  mechanisms. 

It  is  now  accepted  that  the  technology  being  developed  under  this  present  program  is  indeed  new  and  offers  many 
benefits  beyond  the  one  gained  through  turbine  blade  application.  For  other  components  in  the  jet  engine  alone,  the  list 
of  possible  uses  becomes  astounding.  Better  turbine  disks  become  imminently  possible,  and  new  alloys  for  combustors 
and  vanes  do  not  seem  unrealistic. 

Beyond  the  jet  engine,  the  implications  of  rapid  solidification  excite  one's  imagination  to  levels  rarely  offered. 
Magnetic  materials,  glassy  alloys,  superconductors,  higher  strength  aluminum,  more  corrosion  resistant  alloys,  and 
totally  new  alloys  all  seem  possible. 

The  technology  is  only  emerging.  It  is  in  its  infancy,  but  already  results  show  that  a new  era  of  metals  is  fast 
approaching.  This  ARPA  program  has  provided  the  necessary  stimulus.  As  time  will  tell,  not  only  will  the  better  turbine 
blade  for  the  FlOO  engine  evolve,  so  too,  will  many  many  other  applications  benefiting  DoD  and  society  in  general. 
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SUMMARY 

The  removal  of  casting  defects  by  hot  Isostatlc  processing  (HIP)  benefits  turbine 
designers  with  Improved  alloy  utilization  and  turbine  users  with  Increased  reliability. 

The  present  paper  describes  work  performed  with  an  Investment  cast  nickel-base  turbine 
blade  alloy,  IN-738.  The  effects  of  different  HIP  parameters  on  microstructures  and 
mechanical  properties  were  ex2imlned.  It  was  found  that  properly  HIP  processed  blades 
exhibit  Improved  stress  rupture,  fatigue  and  tensile  properties  compared  to  conventionally 
oast  and  heat  treated  material. 
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INTRODUCTION 

One  of  the  earliest  and  most  Important  technologies  In  net-shape  processing  was 
precision  Investment  casting.  The  benefits  resulting  from  this  process  are  well  known 
and  need  not  be  elaborated  on  here.  Notwithstanding  the  merits  of  Investment  casting 
the  process  Is  not  without  Its  many  problems.  Random  casting  defects  such  as  shrinkage 
cavities,  hot  tears,  mlcroporoslty  and  Inhomogenelty  can  lead  to  high  scrap  rates,  high 
fabrication  costs,  and  can  limit  application  of  castings  In  favour  of  more  predictable 
but  more  expensive  wrought  materials.  Where  cast  parts  are  used,  variations  In  product 
quality  and  properties  can  severely  limit  their  allowable  design  stresses. 

Many  of  the  defects  mentioned  above  can  be  eliminated  by  hot  Isostatlc  pressing. 
Involving  simultaneous  application  of  heat  and  pressure  to  the  part  In  an  autoclave. 

HIP  denslflcatlon  has  been  demonstrated  on  a wide  range  of  aerospace  materials. 

Including  superalloys  (1-5),  ferrous  alloys  (2),  aluminum  (2)  and  titanium  (1,2,6)  alloy 
castings.  These  studies  have  Indicated  that  HIP  processing  can  provide  benefits  from: 

(a)  Reduced  scrap  rates  and  hence  lower  cost. 

(b)  Use  of  higher  strength  alloys  which  previously  were  unusable  due  to  poor 
castablllty . 

(c)  Wider  application  of  large  complex  castings  otherwise  prone  to  excessively  high 
porosity. 

(d)  Improved  weldability  and  hence  lower  fabrication  costs. 

(e)  Replacement  of  expensive  wrought  components  by  premium  castings. 

These  benefits  Indicate  that  HIP  processing  Itself  warrants  special  consideration 
In  discussions  of  net  shape  processing. 

In  the  case  of  superalloys,  numerous  empirical  studies  have  established  the  time, 
temperature  and  pressure  parameters  required  to  close  Internal  voids  and  achieve  full 
density.  However  there  has  been  relatively  little  attention  given  to  the  detailed 
effects  of  HIP  processing  on  mlcrostructure,  and  therefore  to  the  optimization  of  HIP 
or  post-HIP  thermal  cycles  for  specific  applications.  Also  very  little  has  yet  appeared 
on  the  Improvements  that  might  be  expected  by  HIP  processing  of  production  lot  quantities 
of  parts. 

This  paper  describes  a study  of  HIP  processing  carried  out  on  a production  set  of 
IN-738  turbine  blades  for  a Westlnghouse  Industrial  gas  turbine  engine  (7).  The  effects 
of  the  HIP  thermal  cycle  on  mlcrostructure  and  mechanical  properties  are  examined 
critically,  and  the  need  for  modified  thermal  cycles  to  counteract  deleterious  side 
effects  of  HIP  Is  demonstrated.  While  the  study  relates  to  land  based  turbine  hardware 
the  Information  presented  Is  equally  applicable  to  similar  aero  engine  components. 


MATERIALS  AND  PROCEDURES 


Initial  work  was  carried  out  with  cast-to-slze  (CTS)  test  bars  (6  mm  diameter). 
Since  CTS  bars  are  not  machined  after  HIP  processing  and  heat  treament  they  provide 
Information  on  surface  effects  resulting  from  exposure  to  high  gas  pressures  at  elevated 


temperature.  In  addition,  teat  bars  machined  from  blades  (MFB)  are  used  to  verify 
Internal  blade  properties.  CTS  test  bars  of  both  the  standard  and  the  low  carbon,  low 
zirconium  (LC)  alloy  modification  of  IN-738  were  evaluated.  The  nominal  alloy  composl. 
tlons  are  given  In  Table  I, 


TABLE  I 


Nominal  Alloy  Composition  for  IN-738,  Composition  In  Weight  % 


Element  Cr 
LOW  carbon  mod.  16 
STANDARD  " 


Following  the  feasibility  study  with  the  CTS  bars  and  sample  blades,  a full  engine 
set  of  compressor  turbine  blades  cast  In  the  LC  alloy  modification  were  HIP  processed. 
These  blades  can  exhibit  significant  (X-ray  undetectable)  microporosity  particularly  In 
the  heavier  sections  of  the  casting  such  as  the  alrfoll/root  transition  shown  In 
Figure  1. 


HEALING  OF  CASTING  DEFECTS  BY  HOT  ISOSTATIC  PRESSING 


COMPRESSOR  TURBINE  BLADE:  ALLOY  IN-738 


AFTER  HIP 


FLUORESCENT  PENETRANT  INDICATIONS 


MICROSCOPIC  FEATURES;  100X. 


Figure  1 Effect  of  HIP  processing  on  mloroporoslty  In  an  Investment  oast  turbine  blade 
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HIP  processing  was  carried  out  at  Westlnghouse  Canada  using  a top  loading  autoclave 
fitted  with  a Kanthal  wound  furnace.  The  furnace  work  zone  Is  300  mm  In  diameter  by 
900  mm  high  and  has  a temperature  capability  of  1230°C.  The  system  can  be  pressurized 
to  1140  MPa  with  argon. 

No  unusual  measures  were  taken  to  minimize  surface  contamination  during  processing 
of  the  CTS  test  bars.  Subsequent  mechanical  testing  and  metallography  revealed  that 
oxidation  and  nitrldlng  had  occurred  with  deleterious  effects.  To  minimize  this  problem 
with  blade  castings  care  was  taken  to  suppress  surface  attack.  This  was  accomplished  by 
argon  shrouding  and  purging  during  loading  and  unloading  and  the  use  of  several  evacuate/ 
backfill  cycles  prior  to  Increasing  temperature  and  pressure  to  process  levels. 

HIP  and  Post-HIP  Thermal  Cycles 

Previous  work  on  superalloys  (2,3)  has  shown  that  HIP  temperatures  should  be  above 
the  gamma  prime  (y')  solvus  of  the  alloy  so  that  the  material  can  flow  readily  under  the 
external  pressures  imposed  to  close  Internal  voids.  For  IN-738,  temperatures  in  the 
range  1180°C  to  IPOO^C  and  pressures  of  100  MPa  applied  for  about  two  hours  lead  to 
complete  denslflcatlon  (3). 

While  observing  these  general  requirements  two  distinct  HIP  + post-HIP  thermal 
cycles  were  examined.  The  first  (HIP-A),  shown  schematically  In  Figure  2(b),  was  similar 
to  that  employed  by  Waslelewskl  and  Llndblad  (3).  After  hot  loading  at  the  furnace  idle 
temperature  of  900°C,  the  vessel  was  closed  and  evacuated  and  then  heated  and  pressurized 
simultaneously  to  1200°C  and  IPO  MPa.  After  two  hours  the  temperature  and  pressure  were 
lowered  simultaneously  until  the  temperature  reached  900°C.  The  charge  was  then  removed 
and  air  cooled.  Post-HIP  treatment  consisted  of  a full  y'  solution  treatment  for  two 
hours  at  1200°C  (FST  In  Figure  2(b)),  followed  by  a partial  y'  solution  treatment  for 
two  hours  at  1120°C  (PST)  and  ageing  for  2M  hours  at  845°C.  This  post-HIP  treatment  Is 
essentially  the  optimum  heat  treatment  developed  by  Bleber  and  Mlhallsin  (8)  for  cast 
IN-738,  with  the  addition  of  the  FST  stage  which  is  used  to  refine  the  y'  precipitate 
which  otherwise  would  be  over-aged  due  to  the  Initial  slow  autoclave  cool.  The  standard 
heat  treatment  (SHT),  shown  schematically  In  Figure  2(a),  was  applied  to  as-cast  material 
for  reference  purposes. 

As  observed  by  Waslelewskl  and  Llndblad  (3)  the  HIP-A  procedure  resulted  In  acceptable 
980°C  stress  rupture  properties,  however,  as  will  be  shown  later.  It  can  cause  consider- 
able loss  of  Intermediate  temperature  stress  rupture  life  and  ductility,  particularly  In 
CTS  bars.  Accordingly  a modified  cycle  (HIP-B)  was  developed.  This  is  Illustrated  In 
Figure  2(c).  The  cycle  was  similar  to  HIP-A  except  that  the  full  solution  treatment  was 
eliminated,  and  the  autoclave  was  depressurized  and  cooled  directly,  under  controlled 
conditions,  to  the  partial  solution  temperature.  In  the  HIP-B  cycle  therefore  material 
Is  slowly  cooled  through  the  y'  precipitation  range,  compared  to  the  rapid  air  cool 
experienced  following  the  full  solution  stage  (FST)  of  the  HIP-A  cycle. 

Mechanical  Testing  and  Metallography 

Cast  to  size  bars  were  tested  In  the  processed  condition  without  further  machining. 
Additional  test  bars  were  machined  from  fully  processed  blades  selected  at  random  from 
the  full  blade  set.  These  MFB  samples  were  identified  according  to  their  original 
locations  In  the  blades,  (airfoil,  platform,  or  root  samples)  as  indicated  In  Figure  1. 
Tensile  and  stress  rupture  samples  had  gauge  sections  3.75  mm  in  diameter  by  20  mm  long, 
while  fatigue  samples  had  gauge  diameters  of  5 mm.  Fatigue  tests  were  carried  out  under 
uniaxial  loading  at  650°C  on  samples  machined  from  blade  roots  only. 


SHT 


HIP-A 


HIP-B 


Figure  2 Heat  treatments  and  HIP  thermal  cycles  applied  to  IN-738 
compressor  turbine  blades. 
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As-cast  and  HIP  processed  samples  were  examined  metallographlcally  before  and  after 
mechanical  testing.  Various  etchants,  as  listed  In  Table  II,  were  used  to  reveal  the 
y'  precipitates,  carbides  and  grain  boundary  structures.  Carbides  were  also  extracted 
electrolytlcally  (9)  after  the  various  treatments  and  identified  by  X-ray  diffraction. 

TABLE  II 

Etchants  Used  In  the  Preparation  of  Metallographlc  Saimples 


Etchant 

Method  of 
Application 

Used  to  reveal 

50ml.  HCl+25ml.  HNO3 

Immersion 

Chemical  etch  to  reveal 

+ 2g.  CuCl2+200ml.  HjO 

general  grain  and  precipitate 
structures. 

1 part  - it*  aqueous  NaOH 

Swab 

Stain  etch  to  reveal 

+ 1 part  saturated  solution 
of  KMn04 

carbides. 

2*  or  5*  Bromine  In 

Immersion 

Vigorous  chemical  etch  to 

methanal 

reveal  grain  boundary 
structures. 

10*  HCl  In  methanol 

Electrolytic 

For  carbide  extraction  and 
grain  boundary  networks 

MECHANICAL  PROPERTY  RESULTS 

Major  attention"  in  this  work  was  paid  to  Intermediate  temperature  properties  since 
the  average  blade  metal  temperature  for  the  part  In  question  was  expected  to  be  under 
800°C. 

Stress  Rupture  Properties  of  CTS  Bars 

Initial  stress  rupture  tests  were  carried  out  at  76o°C  and  586  MPa  on  the  CTS  bars 
of  the  low  carbon  and  standard  carbon  alloys.  The  results  are  shown  In  Figure  3. 
both  heats  the  HIP-A  cycle  resulted  In  decreased  life  and  ductility,  compared  to  cast 
and  conventionally  heat  treated  material.  In  contrast  the  HIP-B  cycle  resulted  In 
Increased  life  and  ductility  for  the  standard  carbon  heat,  and  slightly  decreased  life 
but  greater  ductility  for  the  low  carbon  heat.  Since  as-cast  porosity  In  the  gauge 
lengths  of  both  types  of  test  bars  was  generally  low,  these  variations  In  properties  are 
due  primarily  to  the  effects  of  HIP  and  post-HIP  thermal  cycles. 

Minor  variations  In  the  HIP-A  thermal  cycle  did  not  significantly  affect  the  results 
shown  In  Figure  3*  Material  which  was  rapidly  cooled  from  temperatures  between  1175°C 
and  1200°C  exhibited  low  life  and  ductility  at  760°C  relative  to  cast  + SHT  properties. 
However,  HIP-A  material  tested  at  higher  temperatures  had  properties  similar  to  those 
reported  by  Waslelewskl  and  Llndblad  (3),  that  Is,  approximately  200  hours  at  870°C  and 
275  MPa,  or  50  hours  at  980°C  and  152  MPa. 

Stress  Rupture  Properties  of  MFB  Test  Bars 

Having  shown  that  HlP-B  could  yield  acceptable  properties,  further  testing  was 
confined  to  seimples  machined  from  blades  In  the  IN-738  (LC)  composition.  These  tests 
were  to  determine  the  benefits  that  might  be  achieved  by  removing  porosity  from  actual 
production  quality  parts. 

The  results  are  summarized  In  Table  III.  For  platform  samples,  which  In  the  as-cast 
condition  contain  appreciable  porosity,  the  HIP-B  processed  material  showed  slightly 
higher  average  rupture  life  and  ductility  than  the  cast  and  heat  treated  material.  The 
cast  properties  were  largely  degraded  by  one  sample  which  failed  In  13*  hours  due  to 
high  mlcroporoslty  occurring  In  the  gauge  length  (Figure  i|).  For  airfoil  samples  an 
Increase  In  average  life  of  approximately  30*  was  observed  for  the  HIP-B  processed 
material  compared  to  cast  + SHT  material. 

As  a matter  of  Interest  one  blade  was  given  the  HIP-A  treatment;  the  test  results 
for  this  blade  are  compared  to  HIP-B  properties  In  Table  III.  At  586  MPa  and  760°C  both 
treatments  gave  comparable  rupture  lives,  although  HIP-A  material  displayed  appreciably 
lower  ductility.  At  3**5  MPa  and  830'“C  the  HlP-A  material  suffers  from  both  lower  life 
and  ductility.  However,  as  test  temperature  Is  Increased  the  difference  between  HIP-A 
and  HIP-B  appears  to  diminish.  This  Is  shown  by  the  last  two  entries  In  Table  III  which 
compare  HIP-B  results  from  the  present  work  to  slab  material  given  a treatment  very 
similar  to  HIP-A  by  Waslelewskl  and  Llndblad  (3). 

Comparison  of  the  Table  III  MFB  results  with  the  CTS  data  of  Figure  3 reveals 
several  notable  differences.  First,  the  HIP-B  MFB  bars  have  considerably  lower  lives 
than  comparable  CTS  test  bars.  This  Is  attributed  to  differences  In  grain  structure  and 
test  bar  size.  Similar  behaviour  has  been  reported  previously  for  cast  nickel-base 
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Figure  Porosity  revealed  by  scanning 
electron  microscopy  on  the 
fracture  surface  of  an  as- 
cast  MFB  test  bar  which 
failed  In  13.^  hours  at 
760°C/586  MPa.  220  X 


Figure  3 Comparison  of  the  average  760°C 
stress  rupture  properties  of 
IN-738LC  and  IN-738  CTS  bars  In 
the  as-cast  and  HIP  conditions. 


TABLE  III 

Comparison  of  Average  Stress  Rupture  Properties  of  MFB  Test  Bars 


Material 

Condition 

Test  Bar 
Location 

No . of 
Tests 

Stress 

(MPa) 

Temp. 

(°C) 

Life 

(Hrs) 

Elong. 

« 

Cast  blade 

Platform 

5 

586 

760 

31.8 

6.5 

HIP-B  blade 

Platform 

4 

586 

760 

38.7 

7.5 

Cast  blade 

Airfoil 

5 

586 

760 

42.6 

9.4 

HIP-B  blade 

Airfoil 

8 

586 

760 

56.3 

9.6 

HIP-A  blade 

Various 

5 

586 

760 

48.0 

5.9 

HIP-B  blade 

Various 

12 

586 

760 

50.4 

8.9 

HIP-A  blade 

Various 

3 

345 

830 

182.6 

3.8 

HIP-B  blade 

Various 

10 

345 

830 

245 

9.0 

HIP-B  blade 

Various 

4 

152 

980 

51.2 

12.5 

HIP  slab  (Ref. 3) 

- 

- 

152 

980 

42-60 
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superalloys  (10,11).  A second  point  of  Interest  Is  that  HIP-A  MFB  bars  have  much  better 
stress  rupture  properties  than  similarly  treated  CTS  bars.  This  Is  believed  to  be  due 
to  surface  conteunlnatlon  effects  during  high  temperature  processing  as  will  be  discussed 
In  a subsequent  section. 

Finally,  In  addition  to  the  results  of  Table  III,  stress  rupture  testing  was 
extended  to  ensure  that  HIP-B  processed  material  retained  Its  favourable  rupture  prop- 
erties over  wider  ranges  of  stress  and  temperature.  These  results  are  shown  In  Figure  5 
where  they  are  compared  to  CTS  bar  data  for  cast  and  conventionally  heat  treated 
material.  In  general  It  was  observed  that  test  bars  from  blade  roots  had  the  shortest 
lives,  while  the  longest  lives  were  observed  In  bars  from  the  blade  airfoils. 

The  results  of  Figure  5 are  comparable  to  properties  reported  elsewhere  for  HIP 
processed  IN-738  (3)-  With  the  exception  of  one  test  at  760°C,  all  the  HIP-B  processed 
3.75  mm  diameter  MFB  tests  fell  Inside  the  scatter  band  for  6.25  mm  heat  treated  (SHT) 
CTS  bars. 
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Figure  5 


LARSON-MILLER  PARAMETER  (C*20) 

Larson-Miller  plot  for  HIP-B  treated  MFB  test  bars  compared 
to  the  scatterband  for  as-cast  CTS  test  bars. 


Tensile  Properties 

The  results  of  tension  tests  at  25°C  and  650°C  on  MFB  test  bars  are  given  In 
Table  IV.  With  the  exception  of  room  temperature  elongation,  the  HIP-B  processed 
material  exhibited  higher  strength  and  ductility  than  the  cast  and  heat  treated  material. 

TABLE  IV 

Comparison  of  Tensile  Properties  In  Cast  and  HIP  Processed 
IN-738  (LC),  Samples  Machined  from  Blades 


^ Material 

Test  Temp. 

UTS 

0.2?  YS 

Elong. 

R.A. 

Condition 

“C 

MPa 

MPa 

? 

? 

‘ Cast  + SHT 

25 

917 

779 

6.9 

8.5 

HIP-B  treat. 

25 

952 

8Hl 

5.7 

13.0 

j Cast  + SHT 

650 

938 

662 

8.3 

10.6 

HIP-B  treat. 

f 

650 

986 

710 

8.9 

13.3 

1 

i 


Fatigue  Properties 

High  cycle  fatigue  properties  of  HIP-B  material  are  compared  to  cast  material  in 
Figure  6 In  the  form  of  a stress  range  diagram,  where  each  point  represents  the  combined 
mean  stress  and  stress  amplitude  required  to  produce  failure  in  10®  cycles.  The  data  for 
the  HIP  processed  material  shows  a 10?  to  20?  Improvement  over  normal  oast  and  heat 
treated  material. 

Mechanical  Property  Summary 

The  mechanical  property  study  has  confirmed  the  Important  practical  benefits  that 
can  be  achieved  by  HIP  processing.  Tensile  and  fatigue  strengths  were  Increased,  and 
stress  rupture  properties  In  thick  section  components  were  improved  to  match  typical 
properties  of  sound  cast  to  size  material. 

At  the  same  time  the  study  has  shown  that  HIP  processing  can  cause  deleterious  side 
effects.  Material  processed  by  the  HIP-A  cycle  exhibited  Inferior  rupture  properties  at 
760‘’C  and  830®C,  indicating  a pronounced  sensitivity  to  the  ductility  trough  problem 
(12-1^),  while  ma‘ erlal  processed  by  the  slightly  modified  HIP-B  cycle  was  less  prone  to 
this  problem.  Metallographlc  examinations  were  conducted  to  explore  the  reasons  for 
these  differences. 


Figure  6 A stress  range  diagram  comparing  the  high  cycle  fatigue 
properties  of  HIP  and  cast  IN-738LC  at  650°C. 


METALLOGRAPHIC  RESULTS 


Porosity  Closure  and  Surface  Effects 


The  CTS  bars  generally  had  X-ray  detectable  porosity  In  the  grip  sections  as  shown 
In  Figures  7(a)  and  7(c).  Both  of  the  HIP  cycles  examined  were  successful  In  closing 
internal  (non-surface  connected)  porosity,  as  Indicated  In  Figure  7(b).  During  HIP 
processing  extensive  flow  of  material  occurs  to  fill  these  large  voids,  often  resulting 
In  regions  containing  recrystalllzatlon  twins  as  shown  in  Figure  7(d).  Also,  precipi- 
tate structures  developed  In  these  regions  differ  slightly  from  those  developed  elsewhere 
In  the  structure.  In  stress  rupture  samples  secondary  cracks  are  occasionally  observed 
at  grain  boundaries  In  such  twinned  regions.  The  full  significance  of  these  observations 
Is  not  yet  known  and  further  work  Is  In  progress.  However,  the  results  suggest  that  the 
salvaging  of  castings  containing  gross  porosity  (X-ray  detectable)  by  HIP  processing  may 
hot  result  In  as  strong  a product  as  would  be  obtained  from  a sound  casting. 


•»  HIP- A *! 

Figure  9 Electron  micrographs  showing  the  gamma-prime  precipitate 
structures  In  cast  and  heat  treated  IN-738LC. 


HIP-B 


Occasionally  unclosed  (surface  connected)  pores  were  found  In  the  grip  sections  of 
HIP  processed  CTS  bars,  an  example  Is  shown  In  Figure  8.  This  type  of  porosity  falls  to 
close  during  HIP  since  the  high  pressure  argon  gas  penetrates  the  pore  and  counteracts 
the  external  Isostatlc  pressure.  Surfaces  of  the  CTS  bars  showed  evidence  of  oxidation 
and  nltrldlng  as  shown  In  Figure  8.  The  nitride  needles  or  platelets,  oxidation  and 
alloy  depletion  extended  up  to  a depth  of  0.05  mm.  This  observation  can  be  used  to 
rationalize  the  difference  In  stress  rupture  behaviour  In  HIP-A  processed  CTS  and  MFB 
bars.  The  HIP-A  condition  has  Inherently  less  Intermediate  temperature  ductility  as 
shown  In  Table  III,  this  condition  coupled  with  nitrides  at  the  surface  results  In  the 
notch  sensitive  type  of  behaviour  displayed  In  Figure  3.  By  contrast  the  HIP-B  condition 
possesses  ample  ductility  with  the  result  that  surface  oxidation  and  nltrldlng  may  only 
account  for  the  slight  decrease  In  stress  rupture  life  of  the  LC  alloy  modification 
evident  In  Figure  3. 

Surface  connected  porosity  and  gross  Internal  porosity  should  not  occur  In  the 
turbine  blade  castings.  Both  of  these  conditions  should  be  detected  during  normal  non- 
destructive testing  procedures  which  all  blades  have  to  pass.  The  depth  of  the  surface 
affected  zone  in  HIP  processed  blades  was  less  than  0.02  mm  and  consisted  solely  of 
oxidation  and  alloy  depletion,  no  nitride  formation  was  found.  This  Indicates  that  the 
surface  protection  measures  employed  were  effective.  Recent  improvements  in  this  area 
have  shown  that  depth  of  surface  attack  can  be  kept  to  about  0.002  mm. 


Figure  8 Surface  connected  porosity  in 
the  grip  section  of  a CTS  bar 
after  HIP-A  processing.  Note 
the  Internal  oxidation  and 
nitride  formation. 


Precipitate  Structures 

The  eutectic  y-y'  nodules  observed  in  cast  material  were  virtually  eliminated  in 
the  HIP  processed  materials.  This  y'  Is  taken  into  solution  during  the  two  hour  1200°C 
treatments  and  Is  therefore  available  to  take  part  In  subsequent  precipitation  reactions. 

The  Y*  precipitate  structures  are  shown  in  Figure  9 for  the  cast  + SHT,  HIP-A  and 
HIP-B  materials.  All  treatments  produced  a mixture  of  cuboldal  first  generation  y'  and 
spheroidal  second  generation  y'.  as  shown  In  Figure  9.  The  y'  particle  sizes  are  as 
follows: 


Treatment 

Cast  + SHT 

HIP-A 

HIP-B 


Cuboldal  y' 

0.45  pm 
0.38  pm 
0.6  pm 


Spheroidal  y' 

0.1  pm 
0.1  pm 
0.1  pm 


The  rapid  air  cool  through  the  y’  solvus  In  HIP-A  causes  a more  homogenous 
nucleatlon  of  y'  and  the  subsequent  competitive  growth  of  these  nuclei  at  1120°C  leads 
to  smaller  particle  size  and  interparticle  spacing  than  in  cast  or  HIP-B  processed 
material.  The  spheroidal  y’  size  was  similar  in  all  conditions  examined. 

Carbide  Structures  and  Grain  Boundaries 


! The  carbide  contents  were  virtually  identical  in  all  materials  with  respect  to  type 

Sand  amount,  as  indicated  in  Figure  10  and  Table  V.  The  dominant  carbide  was  MC  (a=4.38&) 
which  occurred  as  blocky  primary  particles  at  grain  boundaries  and  in  grain  interiors. 

The  grain  boundaries  also  contained  films  of  fine  secondary  MC  which  formed  at  high 
i temperatures  prior  to  ageing  at  845°C.  The  HIP  processed  materials  contained  larger 

! amounts  of  precipitated  carbide  (see  Table  V)  than  the  cast  + SHT  material,  but  there 

!■  were  no  significant  differences  between  HIP-A  and  HIP-B  conditions,  and  only  faint  traces 

I of  M23C6  were  found  in  each  sample  both  before  and  after  stress  rupture  testing. 


While  carbide  contents  were  similar,  there  were  consistent  differences  in  grain 
boundary  structure.  The  cast  + SHT  and  HIP-B  processed  matei lals  showed  boundaries 
having  a finely  serrated  or  zig-zag  structure,  while  HIP-A  material  showed  very  smooth 
grain  boundaries  as  Illustrated  in  Figure  11(a)  and  11(b).  The  scanning  electron  micro- 
graph of  Figure  ll(o)  was  obtained  using  a 5/5  Br  in  methanol  chemical  etch  which  attacks 
the  y phase  preferentially,  while  Figure  11(d)  was  obtained  using  an  electrolytic  etch 
which  attacks  y'  preferentially.  Both  etching  techniques  revealed  similar  carbide  films 
in  all  material  conditions,  thus  confirming  that  the  films  are  carbides  and  not  undlssolved 
Y'.  The  carbide  films  sometimes  appeared  thicker  in  HIP-B  material  because  of  the  zig- 
zag nature  of  the  boundary,  as  indicated  in  Figure  11(d). 


Apparently  the  serrated  grain  boundary  structure  is  an  Inherent  feature  of  as-cast 
material,  and  is  one  which  tends  to  be  destroyed  during  high  temperature  (1200°C) 
processing.  Controlled  HIP  processing,  as  in  HIP-B  allows  these  serrations  to  reform 
during  the  later  stages  of  the  thermal  cycle. 


TABLE  V 

Carbide  Contents  in  Cast  and  HIP  Processed  IN-738. 


Carbide  Type  and  Content. 


Material  Condition 

Lattice  Param. 

Vt% 

Cast  + SHT 

MC« 

4.38A 

1.58 

HIP-A 

MC» 

4.38A 

1.89 

HIP-B 

MC» 

4.38A 

1.92 

Cast  + SHT  + 4l  hours 

MC» 

4.38a 

1.65 

at  760°C  and  586  MPa. 

0 

HIP-A  + 4.5  hours 

MC» 

4.38a 

1.73 

at  760°C  and  586  MPa. 

0 

HIP-B  + 71  hours  at 

MC» 

'‘.38a 

1.83 

760°C  and  586  MPa. 

•Traces  of  MzsCj  present  in  all  cases. 


Figure  11  Grain  boundary  structures  In  cast  and  HIP  processed  IN-738.  (a)  and  (b)  are 

optical  micrographs  of  samples  etched  In  2%  bromine  In  methanol.  (c)  and 
(d)  are  scanning  electron  micrographs,  sample  In  (c)  etched  In  5?  bromine  In 
methanol,  sample  In  (d)  electrolytlcally  etched  In  10?  HCl  In  methanol.  Note 
the  finely  serrated  grain  boundary  structure  In  HIP-B  processed  material, 
figs,  (b)  and  (d). 


Deformation  and  Fracture  Behaviour 


Examination  of  rupture  samples  after  testing  showed  some  differences  li.  deformation 
and  fracture  behaviour.  HIP-A  samples  generally  failed  by  cracks  which  nucleated  at  the 
specimen  surface,  and  propagated  along  grain  boundaries  towards  the  centre  of  the  sample, 
as  Indicated  In  Figure  IPCa).  Cast  or  HIP-B  processed  samples  tended  to  fall  by  the 
growth  and  coalescence  of  discrete  crack  segments  and  voids  which  nucleated  randomly 
at  grain  boundaries  throughout  the  material,  as  Indicated  In  Figure  12(b). 

Slip  markings  were  observed  In  HIP-B  (CTS)  materials  after  760°C  rupture  testing, 
as  shown  In  Figure  13,  thus  providing  evidence  of  Intragranular  flow,  whereas  none  were 
observed  In  the  HIP-A  (CTS)  material. 


Interpretation  of  Metallographlc  Results 


The  Intermediate  temperature  ductility  trough  problem  has  previously  been  explained 
In  terms  of  the  Inability  of  grain  boundaries  to  accommodate  strain  without  cracking  (13). 
The  problem  Is  believed  to  be  exaggerated  when  Intragranular  strength  Is  high  and 
deformation  and  crack  nucleatlon  are  localllzed  to  grain  boundaries  (1^1). 


t The  Intermediate  temperature  ductility  problem  observed  In  HIP-A  material  can  be  ex- 

? plained  In  a similar  manner.  The  Intragranular  y'  In  this  material  was  finer  and  probably 

5 more  effective  as  a strengthening  agent  than  that  In  HIP-B  or  In  cast  + SHT  material.  This 

f would  tend  to  force  deformation  to  occur  In  grain  boundaries  which  would  have  little 

•.  ductility  due  to  the  carbide  films.  Moreover,  crack  propagation  would  tend  to  occur  mere 

^ easily  and  rapidly  along  the  smooth  grain  boundaries  of  HIP-A  material  than  along  the  zlg- 

i zag  grain  boundaries  of  the  cast  or  HIP-B  processed  materials.  These  explanations  are 

I also  consistent  with  the  observations  of  slip  and  grain  boundary  fracture  behaviour. 


HIP-B 


Figure  12  Secondary  cracking  along  grain  boundaries  In 'cast  and  HIP  processed  IN-738 
as  a result  of  stress  rupture  testing  at  760°C  and  586  MPa. 


Figure  13  Slip  markings  observed  In  lN-738  HIP-B  after  stress  rupture  testing  to 


failure  In  71  hours  at  760°C  and  586  MPa.  (a)  Sample  etched  In  5!t  bromine 
In  methanol,  (b)  sample  etched  In  2%  bromine  In  methanol. 


I 


DISCUSSION 


HIP  processing  has  been  shown  to  yield  significant  Improvements  In  the  mechanical 
properties  of  critical  rotating  turbine  hardware.  However,  the  process  should  not  be 
regarded  as  a solution  for  all  problems.  Measures  must  be  taken  to  minimize  undesirable 
surface  effects  such  as  oxidation  and  nltrldlng.  HIP  processing  can  also  destroy 
desirable  mlcrostructural  features  In  oast  material.  Each  application  must  therefore  be 
considered  as  a special  case  and  the  necessary  processing  conditions  established  to 
develop  the  optimum  response. 


I 

4 


On  the  applied  side,  there  Is  need  for  a contlnutatlon  of  the  work  of  Waslelewskl 
and  Llndblad  on  the  development  of  low  cost,  effective  surface  sealing  and  protection 
systems  that  can  be  applied  and  removed  easily,  and  which  are  harmless  to  the  autoclave. 
Its  atmosphere  and  the  component.  On  the  academic  side,  work  Is  needed  to  confirm  the 
beneficial  effects  of  serrated  grain  boundaries  and  to  explain  their  mechanism  of 
formation  In  coarse  grained  Investment  oast  alloys. 

Serrated  grain  boundaries  are  known  to  form,  with  beneficial  effects.  In  fine 
grained  wrought  or  powder  fabricated  alloys  when  they  are  slow  cooled  through  the  y' 
precipitation  range.  The  serrations  form  when  migrating  grain  boundaries  are  pinned  by 
Y'  particles  or  carbides  (15-18).  These  fine  serrations  are  an  Inherent  feature  of 
investment  cast  alloys,  and  one  which  Is  destroyed  by  the  high  Hi”  processing  tempera- 
tures. The  HIP  thermal  cycle  must  therefore  be  adjusted  such  that  y'  Is  allowed  to 
precipitate  heterogenously  on  grain  boundaries  during  cooling  while  the  boundaries  are 
migrating,  thus  allowing  the  serrations  to  reform.  This  Is  believed  to  be  the  first 
report  of  the  formation  of  serrated  grain  boundaries  In  coarse  grained  Investment  cast 
material  where  grain  boundary  migration  would  be  minimal. 
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SUMMARY 

Ceramic  materials  are  being  widely  considered  for  use  In  advanced  engines  because 
their  densities  are  much  lower  than  those  of  metals.  Only  non-oxide  ceramics  will  be 
considered  here  because  of  their  superior  thermal  stability  and  mechanical  strength. 

Of  these,  silicon  carbide  and  silicon  nitride  are  most  attractive  since  they  can  be  used 
In  oxidizing  atmospheres.  The  raw  materials  needed  are  relatively  cheap;  thus  the  cost 
of  a component  is  determined  by  the  pressing  and  sintering  operations.  It  Is  Important 
to  avoid  mechanical  working  since  this  Increases  costs  greatly.  Special  attention  must 
therefore  be  given  to  the  shaping  operation  so  that  the  unsintered  preform  Is  close  to 
the  final  shape  of  the  product.  The  available  fabrication  methods  are  examined  with 
particular  attention  to  their  ability  to  produce  structural  components. 


INTRODUCTION 


Traditionally,  the  technology  of  ceramics  has  differed  from  that  of  metals  In  that 
shaping  was  carried  out  before  any  heat  was  ever  applied.  This  order  of  processing  was 
rather  unusual  In  metallurgy  until  powder  processing  was  developed,  and  consequently 
these  powder  products  have  been  referred  to  as  metal-ceramic  (1). 

The  Important  question  In  shaping  ceramics  Is  how  closely  can  the  final  dimensions 
of  a part  be  achieved  using  a preform  which  must  undergo  thermal  treatments.  With 
traditional  ceramic  products  such  as  bricks, tiles  or  dlnnerware  this  problem  was  not 
so  Important  since  dimensional  tolerances  were  less  critical.  But  where  ceramics  are 
required  for  high  technology  applications,  the  ability  to  process  accurately  to  final 
dimensions  becomes  an  important  consideration. 

Of  course,  there  Is  always  the  possibility  of  machining  to  final  shape.  However 
since  ceramics  are  among  the  hardest  materials  known,  diamond  tools  are  required  and 
the  costs  are  prohibitive.  Some  products,  such  as  complicated  profiled  sealing  rings, 
might  need  finishing  operations  which  would  account  for  50?  or  more  of  the  total  costs. 

In  principle  complex  shapes  can  be  produced  by  grinding,  but  the  costs  would  still 
need  to  be  kept  to  a minimum.  There  are  numerous  ceramic  products  made  by  grinding  to 
final  shape  after  sintering.  For  example,  ceramic  sealing  rings  made  of  aluminum  oxide 
or  silicon  carbide,  ceramic  pumps  or  pump  parts  for  the  chemical  Industry,  cutting  tools, 
and  many  others  are  produced  In  this  way.  In  contrast  other  products,  such  as  spark 
plugs.  In  which  high  dimensional  accuracy  Is  not  required,  need  not  be  mechanically 
finished. 

The  dimensional  changes  during  thermal  treatment  depend  on  the  material.  A material 
which  does  not  shrink  during  the  firing  process  can  be  fabricated  more  closely  to  the 
required  dimensions  than  a sintered  product,  where  linear  shrinkage  up  to  l8?  might 
occur.  However  In  spite  of  this,  sintered  aluminum  oxide  ceramics  can  be  produced  to 
tolerances  of  about  1%.  Although  aluminum  oxide  has  many  attractive  properties  and  was 
one  of  the  first  ceramic  materials  used,  now  non-oxide  ceramics  are  preferred  because 
of  their  high  temperature  strength.  This  paper  will  examine  the  possible  fabrication 
methods  for  ceramic  products,  which  are  now  seen  as  competitors  to  metals  in  many 
mechanical  engineering  applications. 
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MATERIALS 

Here  mainly  materials  based  on  silicon  nitride  and  silicon  carbide  are  concerned. 
Compared  to  other  materials  considered  for  high  temperature  use  (2),  these  compounds  possess 
exceptional  thermal  stability  due  to  their  covalent  bonds,  and  this  leads  to  good  high 
temperature  mechanical  strength.  However  the  problem  Is  how  to  produce  components 
from  these  materials  when  their  melting  points  are  much  higher  than  those  of  metals, 
and  when  sintering  operations  are  severely  Impeded  because  of  their  thermal  stability. 

The  fabrication  processes  which  are  being  considered  for  non-oxide  ceramics  are  examined 
briefly  below: 


SILICON  NITRIDE 


Silicon  nitride  can  be  produced  either  by  reaction  sintering  or  hot  pressing. 
Serious  efforts  have  been  made  to  achieve  normal  sintering,  but  only  larger  amounts  of 
additive  such  as  Ceroxld  will  allow  this  to  be  achieved  and  then  only  at  the  expense  of 
thermal  stability.  However,  much  remains  to  be  done  In  this  area.  The  solid  solution 
of  silicon  nitride  and  aluminum  oxide  (3),  known  as  Slalon,  should  also  be  mentioned. 


p \ This  car  be  produced  either  by  hot-pressing  or,  under  special  conditions,  by  normal 

sintering.  However  the  problem  of  making  homogenous  components  reproduclbly  has  not 
^ been  solved  yet,  and  therefore  products  are  not  available  commercially. 

I 

REACTION  BONDED  SILICON  NITRIDE 

The  fact  that  nitrogen  will  react  with  silicon  to  form  silicon  nitride  allows 
I reaction  sintering  of  green  pressed  silicon  powder  parts  to  be  carried  out  In  a nitrogen 

atmosphere  (^).  Although  an  Increase  In  volume  of  22$  takes  place  during  this  reaction 
the  dimensions  of  the  molded  part  remain  practically  unchanged.  This  occurs  since  the 
volume  Increase  counteracts  the  usual  shrinkage  associated  with  the  elimination  of 
pores  (5).  This  provides  the  unique  possibility  of  producing  accurately  sized  parts 
f without  grinding.  When  suitable  organic  binders  are  used  as  plasticizers,  almost  all 

of  the  standard  methods  used  for  shaping  ceramics  can  be  applied. 

The  Important  properties  which  can  be  achieved  In  this  material  are  given  in  table 
1,  together  with  those  of  other  materials  of  Interest  here. 

HOT-PRESSED  SILICON  NITRIDE 

In  many  oases  hot-pressing  or  pressure  sintering  are  the  only  ways  of  producing 
fully  dense  products  from  powders  which  do  not  respond  to  sintering  (6).  But  even 
here,  additives  must  be  Introduced  to  the  powder,  which  act  as  lubricants  during  the 
denslflcatlon  process  under  pressure.  With  axial  hot-pressing  In  graphite  dies  the 
pressure  Is  limited  by  the  strength  of  the  graphite.  In  the  case  of  hot  Isostatlo  pressing 
(7),  less  flux  Is  necessary,  and  It  may  be  eliminated  entirely  when  the  highest  available 
pressures  are  used.  However  equipment  Is  still  being  developed  to  achieve  the  highest 
temperatures  required. 

Of  course  fluxing  agents  strongly  affect  the  properties  of  the  material,  particularly 
the  high  temperature  mechanical  properties,  as  table  1 shows.  Nevertheless,  the  highest 
mechanical  strengths  achieved  In  ceramic  materials  have  been  obtained  with  silicon 
nitride  powder  using  this  process  (table  1). 

SILICON  CARBIDE 

The  range  of  silicon  carbide  products  available  Is  broader  than  that  for  silicon 
nitride,  since  this  compound  Is  also  amenable  to  processes  such  as  reorystalllzatlon 
and  even  normal  sintering.  This  Is  due  to  Its  higher  melting  or  decomposition  temperature 

RECRYSTALLIZED  SILICON  CARBIDE 


Silicon  carbide  can  be  strengthened  at  temperatures  above  2100°C  by  a process  which 
Involves  vaporization  and  condensation  occurring  at  the  surface  of  the  particles.  The 
porous  product  exhibits  only  moderate  strength  at  room  temperature  (table  1),  but  since 
It  consists  of  100$  silicon  carbide  Its  strength  remains  constant  at  temperatures  up  to 
1600°C.  Also,  this  material  does  not  show  any  shrinkage  or  expansion  during  thermal 


treatment.  Its  density  Is  solely  dependent  on  how  the  preform  was  compacted.  The 
principal  methods  used  to  form  this  material  are  dry-pressing  and  slip  casting.  Methods 
which  require  plasticizers  are  of  little  use  since  the  residual  carbon  In  the  material 
influences  the  recrystallization  process. 

REACTION  BONDED  SILICON  CARBIDE 

Silicon  carbide  can  also  be  reaction  bonded.  However  the  process  Is  not  as  simple 
as  that  used  for  silicon  nitride  since  one  of  the  reactants  Is  not  necessarily  gaseous. 
However  the  method  offers  particular  advantages  when  organic  binders  are  used,  since 
the  carbon  remaining  after  the  removal  of  volatile  components  can  be  used  as  the  reacting 
agent . 

The  carbon  Is  usually  added  In  solid  form,  and  the  silicon  can  also  be  Introduced  In 
this  way,  but  a high  porosity  and  very  low  strength  would  be  achieved.  Therefore  it  Is 
beneficial  to  Introduce  silicon  as  a gas  or  fluid  (Infiltration)  during  the  firing  process. 
Also  since  this  reaction  Involves  a volume  Increase,  the  green  compact  must  possess  suf- 
ficient porosity  to  accomodate  this  and  maintain  a constant  shape.  Also  the  product  may 
contain  primary  silicon  carbide. 

The  passage  of  silicon  through  the  full  cross-section  of  a structural  component  Is 
only  possible  when  free  paths  are  maintained  during  the  reaction  process.  This  means 
that  a reaction  bonded  silicon  carbide  product  must  also  retain  some  porosity.  However, 
good  strength  Is  achieved  by  a fine  grained  microstructure  (table  1). 

A reaction  can  also  be  made  to  occur  between  the  silicon  carbide  and  any  free  silicon 
remaining  In  the  pores,  to  produce  a complex  material  showing  excellent  strength  values. 
However  these  properties  are  only  maintained  up  to  1300°C,  when  the  silicon  softens  and 
the  strength  declines.  This  product  Is  dense,  and  yet  since  the  overall  volume  remains 
constant  during  firing  the  shape  and  dimensions  of  the  green  body  can  be  preserved 
through  to  the  end  product. 
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SINTERED  SILICON  CARBIDE 

Only  a few  years  ago  It  was  discovered  that  silicon  carbide  Is  slnterable  In  spite  of 
Its  highly  covalent  bonding  (8),  For  sintering  to  occur  an  extremely  fine  powder  with 
a high  surface  area  Is  required  and  small  amounts  of  additives  of  boron  and  carbon  are 
needed.  However  It  Is  extremely  difficult,  If  not  Impossible,  to  achieve  exact 
dimensional  control,  since  sintering  Is  accompanied  by  large  shrinkage  associated  with 
the  decrease  of  porosity  (9).  Table  1 again  gives  typical  properties  that  may  be  obtained. 

It  must  be  mentioned  that  silicon  carbide  Is  easier  to  grind  than  silicon  nitride, 
and  thus  the  expense  of  mechanical  finishing  Is  not  so  high.  But  on  the  other  hand  the 
material  Is  far  more  brittle,  so  that  silicon  nitride  has  far  better  chance  of  being 
used  In  engineering  components. 

HOT-PRESSED  SILICON  CARBIDE 

In  general  the  processing  of  this  material  Is  similar  to  that  of  silicon  nitride. 

Additives  are  needed  to  promote  sintering,  but  these  are  only  needed  In  small  amounts 
because  of  the  higher  hot-pressing  temperatures  used,  typically  above  2200°C,  and  so 
better  high  temperature  properties  are  achieved. 

BORON  CARBIDE 

Boron  carbide  (10)  also  belongs  to  the  non-oxide  class  of  ceramics,  although  It 
Is  of  very  little  Interest  for  high  temperature  use.  It  oxidizes  readily  at  relatively 
low  temperatures,  and  the  oxide  films  are  not  protective  as  In  the  case  of  silicon  carbide 
and  silicon  nitride.  At  the  present  time  boron  carbide  can  only  be  denslfled  satisfactorily 
by  hot-pressing. 

BORON  NITRIDE 

Basically,  hexagonal  boron  nitride  Is  much  the  same  as  boron  carbide;  It  too  can  only 
be  denslfled  by  hot-pressing.  Boron  nitride  Is  an  extremely  refractory  material,  but  It 
Is  totally  unreslstant  to  oxidation.  Unlike  the  other  materials  It  Is  soft.  However  In 
the  cubic  form  It  Is  the  hardest  material  known  after  diamond,  and  this  Is  significant 
In  the  grinding  field. 

Hot-pressed  hexagonal  boron  nitride  is  easy  to  machine.  Its  density  Is  usually 
rather  low  and  one  must  try  to  keep  the  material  free  of  boron  oxide;  or  to  stabilize  < 

the  boron  oxide  by  CaO-  containing  additives,  so  that  the  material  Is  not  destroyed  by 
hydration  during  heating. 

SHAPING  AT  ROOM  TEMPERATURE 

In  the  following  section  methods  that  are  used  for  producing  non-oxide  ceramic  shapes 
are  described  In  detail,  while  those  which  are  not  considered  as  net-shape  forming  methods 
are  mentioned  only  briefly  for  completeness. 

The  methods  are  listed  In  table  II,  together  with  the  materials  with  which  they  have 
been  used  so  far.  (Hot-pressing  is  treated  separately  In  Shaping  at  Hot  Temperatures.) 

There  are  a number  of  forming  methods  available,  the  selection  of  which  depends  on  the 
type  and  quantity  of  parts  required.  It  also  depends  on  the  properties  required  since 
the  forming  method  Influences  the  density  and  hence  the  properties  of  the  final  component  - 
especially  with  reaction  bonded  silicon  nitride  - as  shown  in  table  1.  ! 

I 

DRY  PRESSING  ; 

Dry  pressing  (fig.  1)  Is  a frequently  used  process  for  shaping  ceramics.  Without  ^ r) 

doubt  It  contributes  to  net -shape  processing,  particularly  If  no  cutting  Is  required  before  j 

or  after  sintering.  Usually  It  is  used  for  simple  shapes,  such  as  gas  turbine  shrouds,  j 

which  can  be  produced  by  axial  pressing  between  two  dies.  The  process  can  only  be  ' if 

used  when  the  quality  of  the  material  produced  Is  adequate  for  the  Intended  application.  ; ■ 

I ^ 

The  Isostatlc  process  leads  to  better  density  and  thus  better  mechanical  properties, 
but  normally  It  does  not  lead  to  final  shape.  Seml-isostatlc  presses  are  used  for  pressing 
grinding  balls  or  spark  plugs  out  of  oxide  ceramics. 

On  the  other  hand,  Isostatlc  dry-pressing  provides  the  opportunity  to  produce  almost 
any  complex  shape  (an  example  Is  shown  In  fig.  2)  by  mechanically  machining  a pressed, 
or  If  necessary  a pre-slntered  green  part.  This  Is  a costly  method,  but  It  Is  Justified 
for  the  manufacture  of  prototypes  and  other  small  quantity  products. 

INJECTION  MOLDING 

This  Is  probably  the  most  Interesting  method  for  mass  producing  small  and  medium  sized 
parts  having  complex  geometries.  This  method,  which  Is  well  known  for  producing  plastic 
parts,  was  adopted  for  oxide  ceramics  In  the  mid-thirties  (12).  The  first  patents  date 
from  the  year  1936.  However  the  large  scale  use  of  this  process  did  not  occur  until  20 
years  later,  and  It  Is  now  a standard  technology  for  producing  thread  guides  and  wire 
guide  nipples  from  oxide  ceramics. 


144 


In  this  process  (fig.  3)  the  ceramic  powder  Is  mixed  with  a thermoplastic  organic 
binder  In  heated  mixers.  The  mixture  Is  granulated  and  fed  Into  an  extruder  where  It  Is 
pressed  by  a piston  or  screw  system  through  the  Injection  chamber  and  Into  a cooled  mold. 
Here  It  hardens,  and  after  a very  short  time  the  green  part  can  be  removed.  The  parts  are 
then  heated  In  an  oxidizing  atmosphere  to  drive  off  the  organic  binder,  and  then  finally 
fired. 

In  the  following  sections  the  processing  parameters  and  different  steps  are  discussed. 
POWDER 

In  all  cases  the  characteristics  of  the  powder  are  most  Important,  since  they 
Influence  both  denslflcatlon  and  reactivity.  This  Is  particularly  true  with  non-oxide 
ceramics  since  the  final  product  Is  obtained  by  reaction  sintering  without  shrinkage, 
rather  than  by  conventional  sintering  and  shrinkage.  The  density  of  the  final  product 
Is  therefore  critically  dependant  on  the  Initial  powder  denslflcatlon.  The  optimum 
result  Is  achieved  by  a correct  blend  of  very  fine  powder  which  promotes  reaction,  and 
a somewhat  coarser  powder  which  promotes  good  density. 

Furthermore,  good  wetting  of  the  powder  by  the  organic  plasticizer  Is  essential  and 
this  can  be  Improved  by  the  addition  of  surface  activating  agents. 

ORGANIC  BINDER 

The  success  of  Injection  molding  depends  on  the  flow  characteristics  of  the  heated 
mass.  Composition  and  quantity  of  the  plastic  components  play  an  essential  part.  The 
chemical  Industry  offers  a large  number  of  usable  organic  materials,  the  selection  of 
which  Is  done  In  an  empirical  manner.  In  order  to  Improve  plasticity  and  separation  from 
the  mold,  and  also  to  avoid  softening  during  burnout,  the  plastic  mixtures  can  also  have 
a certain  portion  of  thermally  Irreversible  w^'xes. 

Since  the  volume  ratio  of  pressed  powder  does  not  amount  to  more  than  60%,  an  organic 
content  of  above  it05E  is  necessary  to  fill  the  pores.  Lower  percentages  of  the  plastic 
constituent  might  be  possible  If  a good  grain  size  distribution  Is  used  and  If  the  plastic 
constituent  is  able  to  flow  properly.  This  is  an  Important  point  since  the  quantity  of  the 
solid  matter  needs  to  be  as  high  as  possible  In  order  to  get  the  best  possible  density 
In  the  end  product.  On  the  ether  hand  of  course,  the  powder /plastic  ratio  influences 
the  flow  behaviour  markedly,  such  that  an  Increase  In  the  powder  content  of  only  a few 
percent  may  raise  the  viscosity  by  an  order  of  magnitude.  Use  of  higher  temperatures 
can  only  affect  this  In  a limited  way. 

Figure  4 shows  the  major  effects  of  adding  excessive  plastic  (A),  or  Insufficient 
plastic  (C)  to  a ceramic  powder  mixture.  Overcharging  leads  to  a thick  organic  layer 
between  powder  particles,  which  result  In  good  flow  characteristics,  but  the  plastic 
component  is  difficult  to  remove,  shrinkage  Is  large,  and  shape  stability  Is  poor.  The 
required  stability  In  shape  can  only  be  achieved  by  grain  to  grain  contact,  and  this  can 
only  be  obtained  by  a degree  of  under  charging  together  with  well  controlled  pressure 
conditions.  This  means  that  certain  pores  between  the  grains  may  remain  free  of  plasti- 
cizer and  flow  behaviour  may  deteriorate. 

In  order  to  hold  the  injection  pressures  within  normal  limits  (up  to  200  N/mm^),  and 
to  achieve  complete  filling  of  the  mold,  a viscosity  of  2000  poise  Is  necessary.  To 
ensure  uniform  filling  of  the  mold,  without  local  stiffening,  precise  control  of  temperature 
Is  required.  The  optimum  temperature  must  be  determined  beforehand  by  empirical  tests 
because  of  the  complex  relationships  between  heat  capacity  and  thermal  transfer. 

The  flow  behaviour  of  the  Injection  molding  mass  deviates  from  Newtonian  flow;  It  Is 
pseudoplastic,  which  means  that  flow  begins  after  yielding  and  the  flow  rate  Increases 
disproportionately  with  forming  pressure.  Injection  molding  masses  which  expand  should 
be  avoided. 

Attention  must  also  be  paid  to  abrasion  which  occurs  In  the  Injection  molding 
channels,  and  this  Increases  with  Increasing  pressure  and  with  decreasing  content  of 
the  plastic  constituent.  But  since  high  density  Is  required,  abrasion  caused  by  the 
hard  ceramic  powder  cannot  be  avoided,  and  It  can  only  be  reduced  by  proper  design  of 
the  extruder. 

TOOLS 


The  Injection  molder  Is  no  problem;  there  are  enough  good  brands  on  the  market  In  all 
the  required  sizes.  Either  pistons  or  screw  Injection  devices  can  be  used  to  move  the 
heated  mass  through  the  extruder,  and  there  are  numerous  variations  of  both  types  of 
machine  available.  The  screw  extruder  supplies  a more  evenly  plasticized  mass,  while  the 
piston  extruder  offers  higher  pressures.  Therefore  combination  machines  are  becoming 
popular.  In  which  the  mixture  Is  transported  by  a screw  and  then  Injected  Into  the  mold 
with  the  help  of  a piston.  For  medium  sized  parts  at  least  an  Injection  pressure  up  to 
200  N/mm2  Is  required. 

The  heart  of  the  machine  Is  the  tool  or  mold  and  this  must  be  designed  to  allow 
homogenous  filling  without  premature  hardening,  and  easy  - If  possible  automatic  - 
removal  of  the  part.  The  more  complex  Is  the  part,  the  more  complicated  and  expensive 
Is  the  tool,  and  the  process  may  only  be  profitable  If  a large  number  of  parts  Is  required. 


In  such  oases  the  process  may  become  especially  economical  since  a short  cycle-time 
of  only  a few  seconds  Is  Involved. 
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The  tool  design  must  also  take  Into  account  the  best  feed  of  the  ceramic  mixture 
so  that  textures  are  avoided.  Positioning  of  supply  ports  Is  Important,  as  are  the 
number  of  ports  used,  whether  tangential  or  radial  flow  Is  achieved,  and  at  which  cross- 
section  the  feed  enters.  The  development  of  a tool  for  a new  component  Is  based  on 
experience.  Problems,  such  as  Insufficient  mixing  which  result  from  poor  tool  design, 
may  appear  as  warpage  only  after  the  ceramic  has  been  fired. 

REMOVAL  OP  ORGANIC  BINDER 

The  removal  of  the  binder  from  larger  components  Is  a process  that  can  take  several 
days.  This  Is  therefore  an  Important  economical  factor.  The  duration  Is  a consequence 
of  slow  heating  rates  that  must  be  used  to  prevent  deformation  during  the  time  that  the 
binder  softens  and  the  time  that  It  Is  destroyed.  It  Is  also  due  to  the  fact  than  non- 
oxide  ceramics  cannot  be  heated  higher  than  about  ^00  to  500°C  In  an  oxidizing  atmosphere 
without  oxidation  occurring,  but  at  temperatures  below  this  the  rate  of  removal  of  carbon 
Is  very  slow. 

Reaction  bonded  silicon  carbide  offers  a fundamental  advantage  In  this  respect  since 
It  already  contains  carbon  as  a basic  Ingredient.  This  means  that  the  residual  carbon 
from  the  binder  can  be  determined,  and  then  used  as  a constituent  In  the  reaction 
bonding  process. 

Figure  5 shows  the  results  of  a thermo-gravlmetrlc  examination  of  the  reaction 
sintering  process  used  to  convert  silicon  powder  In  air,  to  silicon  nitride.  It  can  be 
seen  that  marked  oxidation  occurs  at  temperatures  of  ^00°C  and  above,  and  therefore  these 
should  be  avoided.  During  removal  of  the  binder  no  dimensional  changes  should  occur, 
and  this  Is  only  possible  when  the  ceramic  particles  are  In  solid-solid  contact,  and  the 
organic  constituent  Is  confined  to  the  cavities  between  grains  (fig.  4). 

COMPONENTS 

Some  components  of  the  gas  turbine  section  (13)  are  shown  In  fig.  6 and  7.  These  parts 
were  made  at  Degussa  Metal  Development.  Figure  6 shows  small  single  blades  of  reaction 
bonded  silicon  nitride  and  fig.  7 rotor  blade  rings  In  a simplified  form  made  In  one 
piece  out  of  the  same  material.  The  weight  of  these  parts  Is  constantly  within  ± 0.3!(. 

The  change  In  dimensions  of  simple  single  blades  does  not  exceed  ± 0.04mm  with  an 
allowed  tolerance  of  ± 0.15mm  (table  III). 

For  the  control  of  dimensions  the  distance  between  the  blades  was  measured  (on  the 
rotor  blade  rings)  with  the  result  shown  In  fig.  8.  With  a reference  value  of  12.75mm 
this  distance  differed  by  about  ± 0.12mra  after  nltrldlng.  This  was  within  the  allowable 
tolerances  for  this  part. 

WARM  MOLDING 

This  is  also  a plastic  forming  method  (fig.  9),  but  In  contrast  to  Injection  molding 
a duroplastlc  binder  or  plasticizer  is  used  (l4).  The  process  is  similar  to  dry-pressing 
In  that  the  cold  mixture  Is  fed  Into  a pre-heated  mold.  The  mixture  may  also  be  squeezed 
Into  the  mold  by  a piston.  In  this  case  the  process  Is  similar  to  Injection  molding. 

There  are  many  variants  of  the  two  basic  processes.  In  terms  of  the  method  of  feeding 
the  material,  tooling,  and  the  combination  of  duro-  and  thermo-plastlo  material  used. 

When  duroplastlcs  are  used  one  must  consider  not  only  the  change  of  viscosity  with 
temperature,  as  with  thermoplastics,  but  also  the  hardening  reaction  which  affects 
viscosity  as  shown  In  fig.  10. 

Warm  molding  offers  some  advantages  compared  to  Injection  molding.  The  appearance 
of  flow  textures  Is  strongly  reduced,  and  since  very  high  pressures  up  to  500  N/mm2  can  be 
used,  good  densities  can  be  achieved.  This  avoids  shrinkage  and  ensures  good  strength  in 
the  product. 

Furthermore  burnout,  that  Is  the  removal  of  the  plastic  constituent.  Is  easier  and 
more  rapid  since  danger  of  deformation  due  to  softening  of  the  plastic  Is  avoided. 

A disadvantage  Is  the  long  duration  of  the  hardening  process,  which  may  take  several 
minutes  depending  on  the  wall  thickness  of  the  green  part.  Figure  11  shows  some  turbine 
blades  of  reaction  bonded  silicon  nitride,  which  are  typical  examples. 

This  method  will  probably  be  used  only  In  special  cases  where  the  complexity  of  the 
components,  and/or  the  required  properties  do  not  permit  dry-pressing,  and  when  Injection 
molding  Is  precluded  due  to  Inadequate  dimensional  control  or  other  processing  problems. 

An  example  of  this  process  Is  shown  In  fig.  12  and  Is  a preform  of  a silicon  nitride 
duodenslty  rotor  (15)  (See  Shaping  at  Hot  Temperatures).  The  hub  Is  produced  from  silicon 
powder  In  an  Initial  pressing  to  produce  a part  which  can  be  hot  pressed  after  nltrldlng. 

A second  pressing  is  then  carried  out  to  form  the  rotor  from  further  silicon  powder, 
and  after  nltrldlng  and  further  hot  pressing  a stable,  high  temperature  resistant, 
reaction  bonded  silicon  nitride  part  Is  obtained. 
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EXTRUDING 

Extruding  Is  also  a plastic  forming  method  and  Is  shown  In  fig.  13.  It  Is  limited 
to  elongated  shapes  having  uniform  cross-sections  along  their  lengths,  and  to  parts 
which  can  tolerate  dimensional  variations  of  several  percent  along  their  length. 

The  body  Is  plasticized  with  an  organic  binder,  which  Is  partially  hardened  by  drying 
at  low  temperature,  so  that  It  can  be  squeezed  through  a nozzle  In  an  extruder.  This  re- 
quires a relatively  high  organic  content.  Because  of  this  the  green  part  has  a low  ceramic 
content  and  the  resulting  product  a relatively  low  strength  (see  table  1).  Dimensional 
changes  are  due  to  shrinkage,  which  occurs  because  of  the  high  organic  content  and  because 
of  softening  and  flow  which  occurs  In  the  green  part  under  its  own  mass  during  drying  and 
removal  of  binder. 

As  with  other  plastic  forming  methods  the  organic  constituent  Is  removed  by  burnout 
which  might  take  ^ to  8 days.  The  burned  parts  have  a high  porosity  and  thus  little 
strength,  which  makes  transfer  to  the  sintering  furnace  rather  difficult. 

Typical  components  for  extruding  are  tubes  and  rods  (fig.  1^);  for  example  thermo- 
couple tubes  made  of  reaction  bonded  silicon  nitride,  and  of  silicon  nitride  bonded 
silicon  carbide  (which  has  not  been  discussed  here)  have  been  used  for  a long  time. 

Also  rings  or  cylindrical  components  of  reaction  bonded  silicon  nitride  and  silicon  carbide 
have  been  made  for  some  time  by  extruding  and  cutting  to  the  required  length. 

SLIP  CASTING 

Slip  casting  has  been  known  for  producing  clay  based  products  for  more  than  two 
centuries.  It  Is  based  on  the  fact  that  when  electrically  charged  particles  are  held 
In  suspension  In  a liquid  of  suitable  composition,  an  unusually  low  volume  of  liquid 
Is  required  to  make  the  solid  powder  mass  fluid.  Since  this  method  Is  also  suitable  for 
ceramic  powders  other  than  clay , It  Is  of  Interest  for  producing  complicated  components 
from  non-oxide  ceramics,  and  has  been  successful  with  relatively  low  mold  costs  (16). 

The  slip  Is  poured  into  a porous  mold  (fig.  15),  which  absorbs  the  llquld-mostly 
water  - and  the  ceramic  body  Is  allowed  to  set.  After  removal  from  the  split  mold  the 
component  Is  dried  and  then  usually  forwarded  to  the  sintering  process. 

Good  properties  of  the  slip  itself  do  not  guarantee  a good  casting  process.  It 
must  be  possible  to  oast  the  slip  without  streaks  or  bubbles,  but  also  the  mold  must 
allow  the  water  to  be  withdrawn  evenly  through  Its  porous  walls  thus  allowing  the  part 
to  set  uniformly.  The  mold  must  be  designed  such  that  the  shrinkage,  which  occurs 
because  of  the  removal  of  liquid.  Is  allowed  to  take  place  freely.  Finally  the  part 
must  have  sufficient  strength  that  it  can  be  handled,  and  can  be  rem.oved  from  the 
mold  without  sticking. 

Some  further  aspects  of  the  casting  methods  are  discussed  In  the  following  sections. 
DISPERSION  LIQUID 

The  liquid  dispersant  is  expected  to  wet  the  powder  mixture  and  yet  Its  volume  fraction 
should  remain  as  low  as  possible  In  the  mixture  to  ensure  a high  solid  content.  This 
can  be  achieved  by  using  a favourable  particle  structure,  and  by  adding  dispersing  agents 
which  are  added  to  the  slip.  In  addition  binding  agents  might  be  added  to  the  slip 
to  develop  strength  In  the  product. 

A basic  requirement  of  course  is  that  the  liquid  dispersant  does  not  react  with  the 
ceramic  powder  at  any  stage  of  processing  and  also  that  It  does  not  contain  any 
contaminants  that  might  Influence  the  characteristics  of  the  final  product.  Obviously 
an  aqueous  slip  Is  relatively  simple  to  handle,  and  poses  few  problems  with  silicon 
carbide.  To  use  water  with  silicon  is  more  difficult  since  reactions  might  lead  to 
the  formation  of  gas  bubbles.  An  outgasslng  treatment  In  a vacuum  system  may  help. 

However  due  to  their  spherical  nature  the  bubbles  do  not  cause  a great  loss  of  strength 
In  the  material.  Nevertheless  they  may  create  weaknesses  by  reducing  the  load  bearing 
cross  section  at  critical  points  In  a component. 

GRAIN 

The  dispersion  effect  and  the  concentration  of  the  solid  that  can  be  achieved  are 
also  dependent  on  the  properties  of  the  powder.  A relatively  coarse  particle  size  can 
be  kept  In  suspension  quite  well  provided  there  Is  a certain  portion  of  extremely  fine 
particles  below  2mm.  A high  solid  content  Is  necessary  to  keep  shrinkage  as  low  as 
possible  during  setting  In  the  mold.  Shrinkage  obviously  complicates  the  molding 
process  by  causing  changes  In  shape  and  lower  dimensional  accuracy.  Shrinkage  can  be 
considerably  reduced  by  using  a mixture  containing  80-85?  by  weight  of  solid,  and  with 
particles  having  a very  specific  shape  and  particle  size  distribution. 

It  Is  difficult  to  produce  the  most  favourable  grain  size  distribution  reproduclbly 
since  this  depends  on  many  milling  parameters  that  are  not  easy  to  control.  Strict 
control  of  grain  structure,  specific  surface  area, viscosity , and  specific  gravity  of  the 
slip  are  most  Important. 
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When  complicated  components  are  cast  the  design  of  the  mold  is  of  great  Importance. 
The  method  v.lll  not  be  used  for  complicated  components  If  excessive  shrinkage  occurs 
In  the  slip  during  setting.  Shrinkage  cannot  be  completely  avoided  and  values  up  to 
about  1?  must  be  expected  -depending  on  the  material. 

In  order  to  make  the  mold  a pattern  of  the  final  component  is  needed,  and  this  must 
be  enlarged  to  allow  for  shrinkage.  Because  of  this  the  mold  must  be  made  of  an 
absorbent  material  which  Is  usually  plaster  of  Paris.  The  mold  Is  made  In  several  parts 
to  allow  the  cast  component  to  be  removed  easily  after  setting.  The  hardening  of  the 
slip  in  the  mold  Is  a slow  process  which  may  take  several  hours.  Therefore  if  many 
parts  are  required  an  adequate  number  of  these  rather  cheap  molds  are  needed. 

COMPONENTS 

After  the  green  part  has  been  removed  from  the  mold  It  is  set  out  for  drying  to 
remove  the  remaining  liquid.  If  any  further  work  Is  required,  such  as  smoothing  surfaces 
or  removing  small  defects,  this  Is  best  done  In  the  dry  condition,  or,  with  reaction 
bonded  silicon  nitride.  In  a presintered  condition.  No  further  work  Is  done  after  the 
final  nitrldlng  has  been  carried  out. 

Figure  l6  shows  a gas  turbine  stator  produced  as  a single  component  by  casting  using 
reaction  bonded  silicon  nitride.  Figure  17  shows  radial  rotors  for  the  turbocharger  made 
from  reaction  bonded  silicon  carbide.  The  dimensional  accuracy  on  these  parts  Is  better 
than  0.5  to  1!E  depending  on  the  part.  The  surface  finish  depends  on  the  mold  surface, 
which  is  reproduced  In  detail  by  the  slip  cast  body. 

SHAPING  AT  HIGH  TEMPERATURE 


Apart  from  fusion  casting  of  a few  oxide  ceramic  products,  hot  pressing  or  pressure 
sintering  is  the  only  method  available  for  shaping  ceramics  at  high  temperatures.  Usually 
this  does  not  lead  to  the  final  shape  of  a part,  and  therefore  this  should  not  be  considered 
as  a method  of  net-shape  processing.  However  the  process  involves  plastic  flow  and  often 
reasonably  close  shape  can  be  achieved. 

The  need  to  hot-press  Is  due  to  an  ability  to  sinter  non-oxide  ceramic  powders  In 
the  usual  way.  However  with  pressures  that  are  technically  feasible  It  Is  not  possible 
to  produce  fully  dense  compacts  without  introducing  additives  or  contaminants.  Therefore 
It  Is  the  aim  of  hot  pressing  to  produce  materials  that  are  free  of  pores,  since  there 
are  already  several  methods  available  for  producing  porous  parts. 

With  traditional  hot  pressing  (17)  the  powder  Is  mixed  with  densiflcation  aids  and 
pressed  axially  In  graphite  dies  as  shown  in  the  flow  sheet  for  silicon  carbide  in  fig.  l8. 

The  pressure  that  can  be  used  Is  limited  by  the  strength  of  the  graphite  material  to  SO- 
SO N/mm2.  The  required  temperature  for  silicon  nitride  is  about  1700°C,  and  for  silicon 
carbide  above  2100°C. 

The  flow  properties  of  the  powder  even  at  these  high  temperatures  are  only  marginal, 
so  the  production  of  complex  shaped  parts  by  pressing  In  shaped  dies  is  limited. 

Alternatively  powders  with  a higher  flux  content  can  be  used,  but  this  degrades  the  desired 
properties,  particularly  at  high  temperatures. 

Further  work  might  promote  the  use  of  pseudolsostactlc  methods  (17)  where  non-slnterable 
powder  Is  used  as  the  pressure  transmitting  medium,  the  so-called  powder  vehicle  process. 

Figure  19  shows  a gas  turbine  rotor  hub  In  an  as-pressed  condition,  which  Is  within  0.5mni 
of  the  final  shape.  The  surface  is  relatively  smooth,  but  not  even.  It  is  anticipated  i 

that  eventually,  surfaces  may  be  used  in  the  as-pressed  condition  and  without  further 
finishing.  But  In  no  case  will  this  happen  with  surfaces  which  are  highly  stressed  In  ' 

service,  such  as  those  In  the  bore  and  the  neck.  A precise  surface  finish  Is  needed  to 
achieve  an  optimum  strength  (fig.  20),  and  this  can  only  be  obtained  by  using  diamond  tools.  f 

The  ceramic  ball  bearings  in  fig.  21  show  what  can  be  obtained  by  careful  surface  treatment.  | ..  , 

Here  the  balls  have  a spericity  of  better  than  0.2u  (19).  j ( j 

Pseudolsostatic  methods  are  particularly  suitable  for  producing  hot  pressed  silicon  ■ j; 

nitride  from  reaction  bonded  starting  material  (I'J).  This  method  Is  used  particularly  when  f 

the  component  has  widely  differing  section  thicknesses,  as  is  the  case  with  gas  turbine  . Ij 

rotor  hubs. 

Hot  pressing  of  reaction  bonded  silicon  nitride  was  developed  as  a process  because  i 

It  produces  a fully  dense  material.  The  advantage  of  this  process  Is  the  shorter 

densiflcation  time  compared  to  direct  hot  pressing  of  powder.  This  method  established  V 

the  feasibility  of  producing  particularly  homogenous  components,  which  Is  a very  severe  7 

problem  with  large  component. s.  ^ 

Another  possibility  with  hot  pressing  Is  the  production  of  duodenslty  rotors  from 
silicon  nitride  using  a reaction  bonded  blade  ring  and  hot  pressed  hub.  This  concept  i. 

Is  part  of  the  development  of  the  ceramic  gas  turbine,  and  as  It  is  planned.  It  should  H 

provide  a gradual  transition  from  one  material  to  the  other.  The  working  scheme  Is  shown  i m 

in  fig.  12.  J 

J 

- — - — 
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Without  doubt  the  hot  Isostatic  pressing  process  (7)  is  an  important  development  which 
will  find  widespread  use  for  final  densiflcation  of  metallic  materials  (20).  A clear 
advantage  is  the  possibility  of  using  higher  pressures  than  are  feasible  with  axial 
hot  pressing  in  graphite  dies,  and  the  opportunity  of  using  powder  mixes  with  lower 
flux  contents.  Also  facilities  have  been  developed  with  higher  temperature  capabilities 
than  were  previously  available.  However  final  densiflcation  of  already  dense  non-oxide 
cercimlo  components  is  not  a viable  process  since  the  starting  preforms  cannot  be  produced 
by  normal  sintering.  The  only  Interest  is  in  pressing  green  powder  compacts  directly  in 
the  HIP  system.  This  process  requires  a gas  tight  protective  container  for  the  powder. 
There  are  certain  advantages  in  using  quartz-glass  containers  for  protection,  but  the 
forming  of  complicated  components  to  final  shape  requires  much  more  development  time 
if  it  is  ever  to  be  successful.  However  the  development  of  this  proces  is  certainly  worth 
watching. 

CONCLUSIONS 

In  producing  ceramic  components  for  high  temperature  engineering  great  attention  must 
be  given  to  processing  as  closely  as  possible  to  the  final  shape,  since  this  determines 
the  economics  of  the  process.  Therefore  those  fabrication  methods  which  provide  the 
most  direct  route,  and  which  lower  fabrication  costs  and  loss  of  material  without 
sacrificing  product  quality,  are  of  special  Interest. 

If  a fully  dense  material  is  required  with  high  strength,  this  can  only  be  produced 
by  hot  pressing  and  will  Involve  a final  grinding  operation  using  diamond  tools.  Rather 
complicated  parts  can  be  produced  with  excellent  surface  finish,  and  this  is  necessary  in 
order  to  achieve  high  strength.  But  the  effort  required  is  considerable  and  the  costs 
are  enormous. 

For  materials  with  less  stringent  strength  requirements  a variety  of  forming  methods 
are  available  and  have  been  described  in  this  report.  Table  IV  provides  a qualitative 
comparison  of  the  Important  features  of  these  methods. 

When  a large  number  of  parts  is  required  then  dry  pressing  and  injection  molding  may 
be  considered  since  the  high  costs  of  tooling  become  less  significant.  Dry  pressing  is 
preferred  provided  the  part  is  not  too  complicated  and  the  strength  requirements  are  not 
too  severe.  With  reaction  bonded  silicon  nitride  this  process  is  only  capable  of 
achieving  moderate  density. 

For  larger  components  which  are  also  required  in  large  numbers,  the  tool  design  for 
injection  molding  and  hot  pressing  is  rather  difficult,  and  therefore  slip  casting  must 
be  considered.  In  any  case  slip  casting  is  also  useful  when  small  numbers  of  parts  are 
required  which  may  be  the  case  during  the  development  of  an  optimum  design. 

Warm  molding  will  be  limited,  on  the  one  hand  to  less  complicated  shapes,,  and  on  the 
other  hand  to  specialty  products  such  as  duodenslty  components. 

All  of  the  methods  mentioned  are  relatively  well  developed.  But  this  does  not  preclude 
the  need  to  adjust  and  optimize  processes  for  special  components.  The  main  problem  is  the 
reproducible  production  of  homogenous  components,  and  this  is  a pre-requisite  for  safe 
processing  of  large  quantities  of  parts.  Processes  which  Involve  flow  of  ceramic  powder, 
for  example  injection  molding,  may  be  troubled  by  defects  such  as  streaks  or  sections  of 
reduced  porosity  which  of  course  make  a part  absolutely  useless.  Further  work  on  forming 
methods  and  development  of  specific  materials  is  therefore  required. 

Also,  as  expected,  a high  success  with  development  work  does  not  preclude  the  need 
for  non-destructive  Inspection  tests,  and  this  is  particularly  so  with  ceramic  components. 
Promising  starts  have  already  been  made  in  this  area,  but  unfortunately  this  is  beyond 
the  scope  of  this  paper. 
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Table  I: 

Main  properties  of  non-oxide 
(silicon  nitride  and  silicon 
carbide  based)  high  temperaz 
tore  structural  ceramic  matez 
rials. 


Table  II: 

Shaping  methods  for  non-oxide 
ceramics. 


fig.  2:  Reaction  bonded  silicon  nitride  test  pistons  for 
diesel  engines  fabricated  by  machining  of  isostatically 
dry  preased  silicon  prior  to  nitriding. 

Fig.  1 (left): 

The  axial  and  laostatic  dry  pressing  process. 
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Fig.  3: 

The  injection  molding  process. 


Fig.  4: 

Influence  of  plastic 
content  upon  injection 
molding  behavior. 


Fig.  5: 

Oxidation  characteristics 
of  silicon  at  burnout  tern; 
peratures:  Thermograviz 
metrical  determination  of 
Si02 -development . 


Fig.  6:  Reaction  bonded  silicon  nitride  single 
gas  turbine  blades  made  by  injection  molding 
(Degussa) 


Fig.  7:  Reaction  bonded  silicon  nitride  gas  turbine 
blade  rings  shaped  by  injection  molding  (Degussa). 
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Fig.  11: 

Warm  molded  reaction  bonded  silicon  nitride  gas  tur 
bine  blade  preshapes. 


Fig.  10:  Chance  of  viscosity  during  hardening 
of  duroplastics. 
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tg.  12:  The  production  of  duodensity  silicon 
It  rid*  <}■•  turbine  rotors  by  warm  molding  and 
' bet  preeeing. 


Fig.:  The  extrusion  process 


Thermocouple  protection 
sheets  made  by  extru= 
sion  of  a plastic  si= 
licon  mix. 


Fig.  16: 

Reaction  bonded  sili: 
con  nitride  and  sili 
con  carbide  gas  tur= 
bine  stators  made  by 
slip  casting 


Fig.  17: 

Reaction  bonded  sili: 
con  carbide  turbo: 
charger  radial  rotor 
made  by  slip  casting 
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The  hot  pressing  process  (silicon  carbide) 


Fig.  19: 

Hot  pressed  silicon  nitride  gas  tur: 
bine  rotor  hub  aspressed. 


Fig.  20: 

Hot  pressed  silicon 
nitride  gas  turbine 
rotor  hubs  diamond 
ground,  ready  for 
spin  testing. 


Ball  bearing  parts,  diamond  ground  from  hot  pressed  silicrjn  nitride 


Axial  Dry 

Pressing 

Extrusion 

Slip  Casting 

Injection 

Molding 

Warm 

Molding 

Pieces 

aw* 

10* 

10* 

210* 

w* 

Time 

seconds 

sec.'' min. 

hours 

secor)ds 

minutes 

Complexity 

medium 

limited 

high 

high 

medium 

Accuracy 

very  good 

bad 

good 

good 

good 

Cost  of  Tools 

high 

medium 

lo« 

very  high 

high 

Table  IV: 

Characteristics  of  net  shape  forming  methods 
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CONCURRENT  SUPERPLASTIC  POFMING/DIFFUSION  BONDING  OF  B-1  COMPONENTS 

by 

George  W.  Stacher  and  Edward  D.  Weisert 
Advanced  Titanium  Technology 
Los  Angeles  Division 
Rocicwell  International  Corporation 
P.  0.  Box  92098 

Los  Angeles,  Calif.,  U.S.A.  90009 
SLMIARY 

Rockwell  International's  (Rockwell)  concurrent  si^erplastic  foiming/dif fusion 
bonding  (SPF/DB)  titanium  fabrication  process  for  direct  application  to  advanced  aircraft 
structure  has  resulted  in  significant  cost  and  wei^t  savings  when  compared  to  conventional 
titaniun  manufacturing  methods.  The  phenomenon  of  scperplasticity  in  conjunction  with  dif- 
fusion bonding  has  enabled  the  manufacture  of  B-1  aircraft  petrts  that  could  not  otherwise 
be  produced.  Applications  include  single-sheet  formed  parts,  selectively  formed  and 
bonded  hollow  sections,  and  con^jlex  sandwich  structure  replacing  multiple-piece  assemblies 
and  machined  parts.  A total  of  26  different  titanium  configurations  has  been  produced  and 
installed  on  the  B-1.  Cost  reductions  and  weight  savings  in  ail  cases  have  averaged 
between  30  and  50%  vhen  compared  to  previous  construction.  This  versatile  fabrication 
process  for  titaniun  offers  a real  potential  for  revolutionizing  aircraft  design. 


A process  that  combines  both  SPF  and  DB  of  titaniun  has  been  developed  at  Rockwell.  Trade  studies 
using  this  technology  in  actual  applications  have  shown  that  this  conhined  process  results  in  cost  savings 
up  to  60%  vdien  con5)ared  to  conventional  titaniun  construction  methods,  while  also  saving  weight.  The 
evolution  of  these  titaniun  fabrication  methods  came  about  because  of  the  necessity  to  in5>rove  aircraft 
performance  and  reduce  cost  of  ownership.  Titaniun  aircraft  structure  is  expensive  primarily  because  of 
the  high  cost  of  fabrication  and  assanbly.  To  take  advantage  of  the  structural  efficiency  and  low- 
ownership-  cost  benefits  of  titanium  airframe  structure,  new  and  innovative  concepts  of  design  and  manu- 
facturing were  required;  hence,  the  Introduction  of  the  SPF  and  SPF/DB  fabrication  methods.  Because  these 
new  processes  allow  severe  forming  and  intricate  joining,  many  structural  forms  are  possible  that  could 
not  be  produced  with  conventional  methods.  It  has  been  shown  that  savings  accrue  primarily  from  the 
reduction  of  assanbly  costs,  since  the  processes  produce  monolithic  structure  and  eliminate  details  and 
mechanical  fasteners.  The  specific  factors  contributing  to  reductions  in  cost  and  weight  are  reduced 
tooling  requirements,  less  machining  with  sheet  metal  formed  to  very  large  elongations,  overall  reduction 
in  part  count  by  combining  details,  and  a decrease  in  the  use  of  expensive  fasteners.  The  capability  to 
produce  large,  complex,  inexpensive,  monolithic  structure  of  titemiun  sheet  metal  is  due  to  the  ability  of 
the  material  to  superplastically  form,  an  ability  not  present  in  all  metals. 

The  process  of  press  diffusion  bonding  of  titaniun  is  a current  production  method,  having  been 
developed  jointly  with  the  Air  Force  Materials  Laboratory.  At  elevated  tenqjeratures  (925'’C,  1,700‘’F)  and 
under  high  pressure,  atomic  diffusion  between  the  metal  interfaces  takes  place  and  a single  titaniun  part 
is  created  with  joint  strengths  equal  to  the  parent  metal.  The  titaniun  details  are  placed  in  steel  tool- 
ing and  pressed  under  vacuun  using  a hydraulic  press  capable  of  loading  in  horizontal  directions  as  well 
as  in  the  vertical  direction.  Because  the  titaniun  details  are  precut  and  placed  in  the  position  required 
to  achieve  final  part  configuration,  little  metal  flow  is  required,  and  deep  pocketed  parts  are  accom- 
plished more  efficiently  than  by  other  processes.  Typically,  plan  area  pressures  in  the  range  of  12,060  to 
24,120  Kpa  (1,500  to  3,000  psi)  are  applied  for  a specified  period  of  time  to  obtedn  the  required  metal 
flow.  This  process  for  thick  plate  bonding  is  significantly  affected  by  material  plastic  flow  properties 
at  elevated  temperature.  Observation  and  interest  in  this  phenomenon  at  Rockwell  led  to  the  study  of 
superplasticity  in  titanium  alloys. 

Under  specified  conditions  of  ten^erature  and  strain  rate,  several  titanium  alloys  erfiibit  siper- 
plasticity;  i.e.,  elongation  significantly  greater  than  normal  tensile  elongation  while  localized  deforma- 
tion (necking)  tendency  is  inhibited  (figure  1).  For  st^jerplastic  deformation,  an  alloy  requires  a fine, 
equiaxed,  stable  grain  size  which  is  typically  found  in  sheet  metal  structure.  An  elevated- temperature 
tensile  test  with  a range  of  strain  rates  imposed  is  used  to  establish  sheet  metal  siperplastic  bdiavior. 
The  slope  of  the  resultant  log  flow  stress/log  strain  rate  plot  is  defined  as  the  strain  rate  sensitivity, 
m,  of  the  material;  i.e.,  the  propensity  to  deform  superplastically.  It  was  fouid  that  6A1-4V  titanium 
alloy,  r.ominally  limited  to  forming  operations  involving  less  than  30  percent  elongation,  can  be  siper- 
plastically  formed  by  more  than  10  times  that  amount.  Flow  stresses  are  low  in  the  superplastic  condition; 
thus,  metal  stock  may  be  formed  into  a complex  die  cavity  by  the  application  of  gas  pressure  much  as  non- 
metallic  plastic  sheets  are  vacuun  formed.  The  forming  process  is  shown  in  figure  2.  Formed  configura- 
tions having  structural  efficiency  previously  unachievable  in  titaniun  hardware  may  now  be  designed  and 
readily  fabricated.  The  feasibility  of  this  method  of  forming  titaniun  was  demonstrated  at  Rockwell  in 
1973.  The  patented  technique  is  described  in  reference  1. 
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Under  a contract  to  the  Air  Force  Materials  Laboratory  Cteference  2) , the  capability  to  super- 
plastically  form  con^lex  titanium  sheet  metal  parts  has  been  successfully  demonstrated.  One  of  the  parts 
fabricated  was  the  B-1  nacelle  forward  center  beam  frame.  This  conqxment  (figure  3)  has  a plan  area  of 
about  1,612  cm2  (250  in. 2).  The  conventional  multiple-piece  assembly  conbined  ei^t  individual  parts, 
three  of  which  were  machined,  while  five  were  cold  preformed  and  hot  sized  in  closed  dies.  The  assembly 
required  96  mechanical  fasteners.  This  frame  was  redesigned  into  a single  SPF  part  at  cost  and  weight 
reductions  of  SSt  and  33i,  respectively.  The  SPF  was  accomplished  as  a single  operation  at  925‘’C 
(1,700'’F). 

Development  of  the  SPF  process  occurred  concurrently  with  the  design  of  the  B-1.  With  A/C-4,  a 
total  of  174  SPF  parts  had  been  designed  and  built  for  the  aircraft,  including  comer  clips,  sine  wave 
shear  webs,  bead-stiffened  skins,  stiffened  skin  panels,  door  panels,  and  shrouds.  Exanples  of  these 
parts  are  shown  in  figures  4 and  S.  These  figures  indicate  the  feasibility  of  fabricating  large  con^lex 
titanium  sheet  metal  parts  in  one  thermal  cycle  as  opposed  to  the  conventional  methods  of  multiple  room 
teiiiperature  preforms  followed  in  separate  stages  by  hot-sizing.  The  number  of  steps  in  the  manufacturing 
sequence  was  greatly  reduced  by  exploiting  sqperplasticity  of  titaniun. 

The  optiraim  ten^)erature  for  superplastically  forming  the  Ti-6A1-4V  alloy  is  925°C  (1,700“F).  This 
is  the  same  tenqierature  used  for  the  previously  described  press  diffusion  bonding  process  for  titaniun. 

It  was  conceived  that  unique,  highly  efficient  structure  could  be  produced  if  SPF  and  I®  could  be  combined 
in  the  same  fabrication  cycle. 

In  order  to  effect  DB  of  sheet  metal  as  opposed  to  heavy  plate  and  acccnf)lish  the  bonding  using 
lower  pressure,  an  analysis  of  the  creep  deformation  required  to  obtain  the  necessary  intimate  surface 
contact  of  the  6-4  alloy  was  conducted.  The  analysis  resulted  in  the  theoretical  pressure-time  curve 
shown  as  a solid  line  in  figure  6.  Time-pressure  combinations  predicted  for  low-pressure  DB  were  verified 
by  lap  shear  testing. 

Test  specimens  were  fabricated  using  bonding  times  and  pressures  above  and  below  the  optiraun  values 
indicated  by  the  theoretical  curve.  The  resultant  diffusion  bonds  were  evaluated  by  nondestructive  test- 
ing, metalisgraphy,  and  by  shear  testing.  The  experimental  data,  also  shown  in  figure  6,  verified  the 
analytical  predicticxi,  indicating  that  complete  bcmding  could  be  obtained  at  low  pressures.  Lap- shear 
strengths  for  the  low-pressure  diffusion  bonded  parts,  for  exan^le,  averaged  580  MPa  (84,000  psi)  as 
compared  to  typical  Ti-6A1-4V  sheet  metal  shear  strength  of  600  MPA  (87,000  psi).  The  diffusion  bonds 
were  of  essentially  the  same  strength  as  the  parent  material. 

A wide  variety  of  structural  configurations  has  been  fabricated  by  SPF/I®.  Continuing  efforts  have 
established  three  generic  types  of  SPF/DB  structures  for  the  Rockwell  patented  SPF/DB  process  (reference  3) , 
as  shown  in  figure  7.  In  each  case,  titaniun  sheet  is  siqjerplastically  formed  and  diffusion  bonded  to 
separate  details  during  a single  heating  cycle.  The  sequence  of  operation  (i.e.,  SPF/DB  or  DB/SPF)  is 
varied,  and  reinforced  sheet,  integrally  stiffened,  and  expanded  sandwich  structures  are  produced. 

Under  an  Air  Force  Materials  Laboratory  contract  (reference  4) , Rockwell  is  demonstrating  the 
application  of  SPF/DB  to  three  full-scale  advanced  titanium  structures,  one  of  each  generic  configuration. 
The  first  is  a B-1  nacelle  beam  frame  which  is  conventionally  fabricated  using  12  titanium  hot-sized  sheet 
and  machined  plate  details  assembled  with  81  fasteners.  Redesign  of  the  frame  to  use  SPF/DB  resulted  in  a 
beaded  monolithic  configuration  with  details  preplated  for  bonding  (figure  8) . The  part  incorporates  a 
center  cap  and  a 180-degree  reverse  flange  which  are  bonded  in  place.  The  initial  SPF/I®  part  was  sec- 
tioned aixi  evaluated  to  verify  bond  integrity  and  metallurgical  characteristics;  the  part  showed  con^jlete 
diffusion  bonding.  Cost  and  weight  trade  studies  showed  that  the  monolithic  SPF/DB  design  weighs  39%  less 
and  costs  43%  less  than  the  conventionally  fabricated  assembly. 

The  second  type  of  SPF/DB  structure,  two-sheet-integrally  stiffened,  is  made  by  simultaneous  bonding 
and  forming  of  two  Ti-6A1-4V  sheets.  A stopoff  compound  applied  selectively  to  one  of  the  sheets  of  the 
mating  surfaces  prevents  bonding  in  discrete  areas  which  correspond  to  the  tooling  cavities.  At  925‘’C 
(1,700°F),  gas  pressure  is  applied  externally  to  the  sheets  and  selective  bonding  occurs.  Immediately 
following  bonding,  geis  pressure  is  introduced  between  the  sheets  to  superplastically  form  the  unbonded 
areas  into  the  die  cavities. 

An  integrally  stiffened  SPF/DB  version  of  an  auxiliary  power  unit  (ARI)  door  was  demonstrated  for 
B-1  application.  The  SPF/DB  version  measures  approximately  560  by  610  ran  (22  by  28  in.)  with  20  ran 
(0.75  inch)  deep  hat  sections.  The  SPF/DB  door  would  replace  a single  T-section-stiffened  door  currently 
machined  from  plate  (figure  9) . 

A cost/weight  trade-off  study  indicated  that  the  SPF/DB  APU  door  would  provide  cost  and  weight  savings 
of  55%  and  31%,  respectively,  over  the  conventionally  machined  version.  The  SPF/DB  door  represents  typical 
aircraft  part  complexity,  in  that  the  periphery  includes  a 2.8  ran  (0.109  inch)  thick  "picture  frame" 
doubler  bonded  in  place  and  the  central  area,  which  accomnodates  an  access  door,  has  an  additional  1.5  mm 
(0.060  inch)  thick  sheet  bonded  in  place  to  carry  the  load.  The  deep,  expanded  section  is  also  thickened 
by  bonding,  and  subsequently  formed. 

Location  of  the  ARJ  door  on  the  lower  side  of  the  B-1  engine  nacelle  dictated  structural  qualifica- 
tion by  acoustic  testing.  One  APU  door  was  successfully  tested  under  the  conditions  shown  in  table  I,  thus 
fully  qualifying  the  part  for  this  design  application. 


15-3 


I 


Table  I 

APU  DOOR  ACOUSTIC  FATIGUE  TESTS 


Energy  level  (db) 

159 

163 

167 

Frequencies  (Hz) 

0-1,000 

0-1,000 

0-1,000 

Test  time  (hr) 

5 

5 

5 

The  third  generic  SPF/DB  form  involves  three  or  more  sheets  and  results  in  sandwich  structure.  It 
is  fabricated  by  another  Rockwell  patented  process  (reference  S) . Three  iinxjrtant  advantages  of  the  SPF/ 

DB  sandwich  shown  can  be  cited: 

1.  The  external  configuration  of  the  fabricated  sandwich  part  is  determined  by  the  tool  cavity, 
vdiich  can  be  variable  either  in  depth  or  in  configuration. 

2.  The  core  configuration  is  determined  by  the  stopoff  pattern;  it  can  vary  greatly  and  can  be 
modified  without  tooling  change. 

3.  The  process  inherently  provides  con^Jlete  flexibility  in  edge  closure  design.  This  avoids  what 
is  frequently  a significant  cost  factor  in  the  fabrication  of  conventional  honeycomb  sandwich 
panels.  In  addition,  the  truss  menfcers  of  the  SPF/DB  core  become  integral  ivith  the  edge  member 
through  the  DB  pattern,  providing  reduced  cost  and  hnjroved  structural  efficiency  through 
simplified  shear  ties. 

Many  small  and  large  sandwich  parts  have  been  fabricated  to  date  incorporating  a myriad  of  core 
designs.  The  capability  to  vary  core  configurations  without  extensive  tool  nodification  has  resulted  in 
the  fabrication  of  straight  truss,  diji^jled  truss  (circular  diffusion  bond  areas),  sine  wave  patterns 
(variations  of  parallel  sine  waves  and  hourglass  or  nodal  sine  waves) , and  hexagonal  and  pyramidal  config- 
urations using  four-sheet  SPF/DB  technology.  These  sandwich  variations  are  shown  in  figure  10  which  also 
indicates  the  capability  to  fabricate  parts  having  single  or  ccmpound  curvatures. 

The  first  application  of  SPF/DB  on  the  B-1  is  the  A/C-4  windshield  hot-airblast  nozzle  assembly. 

This  wide,  shallcw  nozzle,  with  internal  guide  vanes  and  transitions  to  inlet  tubing,  posed  a fabrication 
challenge  that  was  met  only  with  great  difficulty  on  the  first  three  aircraft,  when  conventional  fabrica- 
tion methods  were  used.  Figure  11  shws  one  previous  fabrication  method  and  the  SPF/DB  approach.  As  can 
be  seen,  each  of  the  two  SPF/DB  parts  of  the  windshield  nozzle  incorporates  thin,  integral  internal  vanes 
set  at  differing  angles  for  preferential  airflow.  The  two  parts  conprise  one-half  of  a windshield  nozzle 
assembly.  Four  SPF/DB  titaniun  parts  welded  together  provided  a direct  replacement  for  the  previous  three- 
piece  welded  steel  assembly  which  was  made  up  of  32  machined  parts.  The  SPF/DB  part  resulted  in  cost  cind 
weight  savings  of  50  percent,  and  was  fully  qualified  for  use  on  the  B-1. 

Additional  exan^les  are  shown  of  the  SPF/IB  two-  and  three-sheet  technology  vdiich  have  direct 
application  to  advanced  aircraft.  A typical  skin-frame-stringer  mechanically  fastened  design  (figure  12) 
shcMS  the  many  details  of  a multiple-piece  assembly.  A monolithic  titanium  part,  also  shown  in  figure  12, 
was  fabricated  by  selective  DB  of  two  flat  sheets,  followed  by  superplastic  expansion  into  a specially 
configured  die.  The  resulting  part  incorporated  differing  heights  of  hat  sections  with  multiple  intersec- 
tions, vertical  stiffening  beads,  tapered  hat  sections,  and  joggles,  all  of  vdiich  were  accomplished  in  one 
processing  cycle,  A multiple-piece  assembly  of  individually  fabricated  parts  and  a large  number  of  mech- 
anical fasteners  were  eliminated. 

A large  sandwich  structure  measuring  1142  inn  (45  in.)  long,  91  nin  (36  in.)  wide,  and  40  nm  (1.4  in.) 
deep  has  also  been  fabricated  (figure  13).  The  part  represents  an  SPF/DB  sandwich  design  for  the  B-1 
engine  access  doors  to  replace  the  existing  aluminim  honeycomb  design.  Core  configuration  is  a parallel 
sine  wave  pattern.  Selective  diffusion  bonding  of  the  flat  sheets  was  accomplished  initially  followed  by 
superplastic  expansion  of  the  bottom  sheet.  Capability  to  include  integral  door  hinges  was  deroonstiated  by 
expanding  the  bottom  sheet  against  titanium  details  preplaced  in  the  lower  die  causing  bonding  to  occur. 
Projected  improvements  include  substantial  cost  and  weight  savings  even  though  the  titaniun  SPF/DB  part 
would  replace  an  aluminun  component. 

The  hardware  shown  and  the  cost  studies  conducted  indicate  very  clearly  the  benefits  offered  by  the 
SPF/DB  titaniun  process. 

Table  II  suimarizes  the  several  SPF  and  SPF/DB  applications  studied  on  the  B-1  aircraft  and  the  cost 
and  weight  reductions  projected  over  the  life  of  the  program,  conyiared  to  conventionally  fabricated  titaniun 
structure. 


Table  II 


\5A 


SPF/IB  OOST  REEUCTION  POTENTIAL 


The  SPF/DB  process  for  titaniim  fabrication,  in  its  relatively  short  time  of  development,  has 
resulted  in  many  actual  and  potential  aircraft  and  industrial  applications.  The  process  has  proved  to  be 
versatile,  has  opened  a broad  vista  of  potential  cost  and  weight  reducticm  applications,  and  is  e;q)ected 
to  have  a profound  influence  on  aircraft  design.  The  developments  described  provide  designers  wilJi  an 
opportunity  to  take  advantage  of  more  efficient  and  affordable  titaniim  structure  for  future  aircraft 
designs. 
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DEFINITION:  capability  oftitanium  alloys  to  develop 

EXTREMELY  HIGH  TENSILE  ELONGATIONS  AT 
ELEVATED  TEMPERATURES  AND  CONTROLLED 
STRAIN  RATES 


•CONVENTIONAL  MATERIAL 

TENSILE  ELONGATION, 
10-30% 


• SUPERPLASTIC  MATERIAL 


Figure  1.  Large  Tensile  Elongations  Possible  With  Superplastic  Materials 
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Figure  2.  Schematic  Description  of  Superplastic  Forming  Process 
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Figure  3.  Nacelle  Frame  Redesign  Connarison 
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Figure  8.  B-1  Nacelle  Center  Beam  Frame  Construction  Comparison 


SPF/DB  Door 


Machined  Door 


Figure  9.  B-1  ARJ  Door  Construction  Comparison 


Figure  10.  Variety  of  Sandwich  Configurations  Demonstrated  At  Roclovcll 
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Figure  11.  Comparison  of  B-1  Windshield  Hot-Air  Blast  Nozzle 
Fabrication  Methods 
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FABRICATION  OF  TITANIUM  AT  HIGH  TEMPERATURES 
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Investigations,  at  what  is  now  the  Bristol  site  of  British  Aerospace,  began  into  the  fabrication 
of  titanium  in  the  early  post  war  period.  Various  applications  were  studied  and  in  common  with  many 
aircraft  of  that  period,  a number  of  components  were  manufactured  from  commercially  pure  titanium 
particularly  around  engine  installations  where  the  good  fire  resistance  coupled  with  relatively  light 
weight  of  titanium  could  be  exploited.  These  components  were,  in  general,  fabricated  using  conventional 
cold  working  processes. 

Subsequently  the  development  of  high  strength  alloys  such  as  Titanium  6A1.4V.  opened  up  the 
potential  usage  of  titanium  permitting  efficient  light-weight  structures  to  be  made.  However  due  to  the 
high  strength  and  toughness  of  the  material,  conventional  cold  forming  techniques  were  found  to  be 
inadequate  for  many  components  so  that  hot  forming  at  temperatures  around  650°C  was  used.  On  Concorde,  a 
number  of  applications  of  the  6A1.4V.  Alloy  were  successfully  developed  particularly  in  the  engine 
installation  area,  notably  the  Rear  Engine  Bay  Doors  illustrated  in  Figure  1. 

An  interesting  feature  of  the  Rear  Engine  Bay  Doors  was  the  development  of  a low  cost  technique  to 
produce  the  close  pitched  I-section  transverse  frames.  Initially  these  were  machined  from  forged  bar 
stock  with  a material  utilisation  of  less  than  10%.  Subsequent  components  were  fabricated  by  the 
automatic  fusion  welding  of  sheet  metal  elements  to  provide  the  required  I-section.  The  fabricated 
components  are  identical  in  performance  to  the  original  machined  items,  but  are  approximately  I/7  of  the 
cost. 


During  the  late  1960's  a general  research  and  development  activity  was  undertaken  on  a range  of 
superplastic  materials,  including  a zinc  alloy  that  was  being  used  as  a low  cost  route  to  simulate  the 
type  of  structures  envisaged  for  structurally  more  useful  materials. 

In  particular,  at  about  this  time,  the  Capenhurst  Laboratories  of  the  Electricity  Generating 
Authority,  had  been  experimenting  with  processes  requiring  the  use  of  electrical  energy  as  a means  of 
promoting  increased  sales  of  electricity.  During  their  work  they  had  established  that  the  6A1.4V.  Alloy 
of  Titanium  was  superplastic  at  around  950°C,  and  it  was  anticipated  that  this  would  provide  a very 
adaptable  route  to  manufacture  aircraft  components  of  complex  shape  in  this  material. 

Concurrently  the  Design  Office  at  Bristol  had  obtained  a Government  contract  to  examine  the  use  of 
titanium  alloys  for  light-weight  aircraft  fuselage  structures.  The  structural  configuration  proposed 
comprised  hot  pressed  top  hat  section  stringers,  electron  beam  welded  to  thin  external  skins  with  the 
resulting  skin  stringer  panels  supported  on  hot  press  formed  frames. 

However  at  this  time,  early  experiments  at  Bristol  utilising  the  superplastic  forming  characteristic 
of  the  Titanium  6A1.4V.  Alloy  had  shown  that  satisfactory  frame  components  could  be  made  by  this  route 
with  the  added  advantage  that  complex  shapes  such  as  corrugated  webs  could  be  produced  easily,  resulting 
in  a more  efficient  structural  component.  The  results  of  this  work  enabled  British  Aerospace  to  obtain  a 
subsidiary  contract  to  manufacture,  by  the  superplastic  method,  and  test  three  structural  elements  that 
could  be  utilised  in  a titanium  fuselage  structure.  The  three  elements  chosen  were:- 

a)  a fuselage  frame  element  that  could  be  used  in  conjunction  with  the 
welded  fuselage  panel  mentioned  previously,  see  Figure  2, 

b)  a passenger  cabin  floor  beam,  see  Figure  3, 

and  c)  a passenger  cabin  floor  support  strut,  see  Figure  4.  j f 

The  first  two  components  were  produced  utilising  the  basic  tool  concept  shoMi  in  Figures  5 and  6. 

In  this  concept  the  tool  is  recessed  to  form  a female  die  of  the  shape  that  is  required.  The  superplastic 
forming  is  carried  out  by  heating  the  tool  and  a sealed  envelope  of  titanium  alloy  to  950°C,  and  then 
inflating  the  envelope  using  gas  pressure  to  blow  form  the  coiqronent  against  the  tool  profile.  In  a 
production  situation  double  sided  tooling  would  be  utilised  thus  minimising  material  wastage  and  producing 
two  components  from  a single  forming  cycle.  For  this  early  work  the  tools  were  designed  to  contain  the 
forming  pressures  utilised  and  heating  was  achieved  with  conventional  electric  furnaces. 

Tool  machining  complexity  and  hence  cost  was  reduced  by  the  use  of  separate  tool  elements  to  that 
each  element  was  produced  by  simple  machining  operations.  This  is  illustrated  in  Figure  6. 

For  the  floor  strut,  partial  tooling  concept  was  used  in  order  to  reduce  costs,  although  in  a 
production  situation  it  is  probable  that  full  form  tooling  would  be  utilised. 

During  this  work  it  became  clear  that  there  were  a number  of  fundamental  problems  relating  to 
forming  of  titanium  at  950OC  that  required  resolution  before  a satisfactory  production  technique  could  be 
demor<trated.  In  particular  at  950°C,  titanium  is  highly  reactive  to  both  metallic  and  gaseous 
contaminants  and  suitable  safeguards  to  prevent  or  limit  such  contamination  had  to  be  developed. 
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Additionally,  formed  components  in  intimate  contact  with  tool  faces  tend  to  form  a joint  with  the  tool 
material  and  therefore  suitable  releasing  coatings  had  to  be  devised.  As  part  of  the  work  on  the 
Government  contract  the  necessary  process  disciplines  and  material  treatments  were  developed  to  provide 
practical  production  processes. 

One  fundamental  point  that  was  established  during  this  work  is  that  only  the  material  in  the  plan 
area  of  the  shape  part  to  be  produced  is  used  unlike  conventional  pressing  techniques  where  some  additional 
material  is  drawn  in  from  surrounding  areas.  This  results  in  increased  thickness  reduction  for 
superplastic  forming  compared  with  conventional  techniques.  This  has  to  be  allowed  for  in  the  design  of 
the  component,  or  alternatively,  countered  by  the  utilisation  of  a pre-form  to  reduce  local  thinning. 

As  a result  of  the  experience  gained  during  this  work  a potential  application  to  Concorde  was 
examined,  this  being  a local  dish  required  on  the  Rear  Engine  Bay  Doors  to  provide  clearance  with  certain 
engine  dressing  items,  see  Figure  7.  The  existing  component  was  a welded  fabrication  utilising  a number 
of  components  produced  by  the  hot  pressing  route.  A one-piece  superplastic  forming  version  was  produced 
for  evaluation  purposes  and  a value  engineering  analysis  showed  potential  cost  saving  in  production  over 
the  original  planned  number  of  aircraft  of  some  40%  coupled  with  a weight  saving  of  15%. 

By  the  early  1970's  it  was  considered  that  sufficient  basic  knowledge  had  been  gathered  to  permit 
production  applications  to  be  sought  for  the  superplastic  process.  A number  of  miscellaneous  applications 
both  within  Aerospace  and  for  other  industries  were  found  and  satisfactory  conponents  produced. 

For  the  European  Nuclear  Research  Organisation  CERN,  in  Geneva,  sections  of  a titanium  alloy 
chamber  were  manufactured.  Each  section  was  formed  from  a number  of  modules  welded  together  to  form  a 
bellows  assembly.  Each  module  was  some  280  mm  long  by  275  mm  wide  by  80  nm  depth,  and  is  shown  in 
Figure  8.  The  module  is  produced  by  the  superplastic  forming  of  a pre-form  envelope  of  0.5  mm  thick 
titanium  alloy  into  a multi-part  female  tool.  The  superplastic  forming  was  carried  out  in  an  electric 
furnace  and  to  provide  the  necessary  safeguards  against  contamination,  high  purity  argon  was  used  to 
provide  both  an  inert  atmosphere  for  the  tool  and  component,  and  also  to  provide  the  necessary  gas 
pressures  for  the  forming  cycle.  As  mentioned  earlier,  the  tooling  was  designed  to  react  all  gas 
pressure  loads  and  the  whole  assembly  of  tool  and  component  is  contained  in  a welded  stainless  steel 
muffle  box  to  ease  the  problem  of  ensuring  a high  purity  argon  atmosphere. 

In  order  to  control  the  necessary  cycle  of  purging  the  assembly  within  the  muffle  box  and  then 
heating  and  forming  the  component,  a semi-automatic  electro-pneumatic  control  system  was  utilised.  The 
whole  system  permits  preparation  of  blanks  and  tools  away  from  the  heating  facility  including  the 
necessary  purging  sequences,  thus  reducing  time  of  occupancy  of  the  heating  facility. 

Figure  9 shows  a sample  of  an  aircraft  hot  air  duct  currently  undergoing  tests.  In  this  instance 
the  duct  is  formed  by  inflating  a sealed  titaniun  envelope  produced  by  edge  welding  two  flat  sheets  of 
material  together.  Tne  weld  remains  as  part  of  the  final  component. 

As  a variation  of  this  technique,  it  is  also  possible  to  produce  conponents  which  are  formed 
without  the  use  of  tooling  or  with  only  partial  tooling  to  control  the  shape.  Typical  of  such  components 
are  spherical  tanks  and  circular  ducting,  i.e.  shapes  which  are  formed  naturally  under  pressure  loading. 

Typical  of  the  "free  blown",  i.e.  with  no  tooling,  component  is  the  bifurcated  duct  shown  in 
Figure  10  where  the  component  is  produced  by  edge  welding  two  profiled  flat  sheets  to  provide  a sealed 
envelope  which  is  then  heated  in  a controlled  atmosphere  and  inflated  with  argon  gas  once  the  superplastic 
forming  temperature  has  been  reached. 

A component  produced  with  partial  tooling  is  illustrated  in  Figure  11,  the  conponent  being  a 
Positive  Expulsion  Tank  for  Space  use.  For  this  conponent  hemispheres  are  produced  by  free  blowing 
through  a ring  tool  restraint.  The  ring  tool  controls  the  basic  diameter  of  the  hemisphere  and  the 
height  of  the  hemisphere  is  controlled  by  a gas  flow  proximity  switching  device.  Two  such  hemispheres 
are  subsequently  welded  to  an  equatorial  diaphragm  ring  by  electron  beam  welding  to  produce  a 387  mm 
diameter  tank. 

Further  development  of  the  facilities  at  Bristol  has  enabled  British  Aerospace  to  introduce  hot 
platen  presses.  In  such  presses  one  combines  the  heating  function  and  the  reaction  of  forming  loads. 

This  results  in  considerable  reduction  in  mass  and  complexity  of  the  tools. 

In  addition  to  the  superplastic  characteristics  of  titanium  alloy  diffusion  bonding  between 
titanium  elements  occurs  at  tenperatures , pressures  and  times  which  are  close  to  those  required  for  the 
superplastic  forming.  It  was  therefore  obvious  that  the  combination  of  these  two  processes  was 
attractive  in  that  one  could,  during  a single  manufacturing  cycle,  carry  out  both  the  component  forming 
operation  and  also  the  assembly  processes  such  as  addition  of  reinforcing  elements,  local  load  input 
fittings,  etc.  A number  of  components  have  been  fabricated  utilising  the  combined  process. 

Typical  of  these  is  a development  panel  intended  to  provide  an  alternative  replacement  structure 
for  part  of  the  Concorde  propelling  nozzle,  see  Figure  12.  This  panel  which  is  approximately  760  mm  by 
500  mil  is  made  from  two  flat  sheets  edge  welded  to  provide  a sealed  envelope  and  which  are  diffusion 
bonded  together  in  discrete  strips  by  mechanical  pressure  from  the  tool  faces.  In  the  same  thermal  cycle 
the  stiffening  shapes  are  superplastically  formed  utilising  gas  pressure  between  the  sheets,  the  stiffener 
shapes  being  controlled  by  tool  recesses.  For  this  particular  application,  it  was  chosen  to  follow  a 
route  of  producing  the  panels  flat  and  subsequently  providing  the  range  of  required  contours  by  separate 
hot  pressing  operations.  However,  normally,  any  required  contours  would  be  produced  as  part  of  the 
basic  forming  and  diffusion  bonding  cycle. 

The  sub-structure  required  to  mount  the  panel  on  the  nozzle  structure  was  also  produced  by 
superplastic  forming,  and  is  shown  in  Figure  13.  Currently  the  panel  and  sub-structure  are  installed  in 


an  engine  ground  test  facility  for  qualification  testing  prior  to  possible  manufacture  and  fitment  to 
service  aircraft. 
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The  combination  of  diffusion  bonding  and  superplastic  forming  presents  the  designer  with  considerable 
flexibility  In  the  form  of  structure  that  he  can  use.  This  Is  exemplified  by  the  wide  variation  of  core 
configurations  that  can  be  provided  for  sandwich  panels.  Typical  of  such  sandwich  panelsis  the  truss  core 
panel  shown  In  Figure  14.  This  Is  formed  by  utilising  a stop-off  material  applied  to  the  Inner  faces  of 
the  external  sheet  material  so  that  during  the  first  part  of  the  furnace  cycle,  under  external  pressure, 
diffusion  bonding  to  a third  sheet  of  material  takes  place  In  narrow  strips  only,  and  then  during  the 
latter  part  of  the  cycle  where  pressure  Is  applied  between  the  sheets,  the  external  skins  are  moved  apart 
to  dimensions  and  shapes  controlled  by  tooling  cavities  whilst  the  third  sheet  Is  formed  to  provide  the 
core  structure.  The  geometry  of  the  core  that  can  be  produced  Is  controlled  essentially  by  the  pattern 
of  the  stop-off  coating  applied  to  the  sheets  prior  to  processing,  and  therefore  Is  extremely  flexible 
and  many  different  geometries  can  be  produced. 


Compared  to  the  Concorde  panel  described  earlier.  It  Is  clear  that  such  sandwich  panel  structures 
result  In  much  simpler  tooling  as  well  as  potentially  more  efficient  structures.  Tooling  Is  simplified 
because  of  the  uninterrupted  external  profiles  and  the  ability  to  form  and  diffusion  bond  from  the  same 
gas  pressure  source.  As  all  the  forming  and  bonding  takes  place  In  the  controlled  atmosphere  within  the 
titanium  envelope,  no  contamination  from  tool  contact  occurs  Internally  to  the  panel. 


A wide  range  of  actual  and  potential  applications  of  these  processes  to  current  and  future 
British  Aerospace  projects  both  Civil  and  Military  has  been  studied.  It  Is  clear  that  a wide  range  of 
components  currently  manufactured  by  conventional  methods  can  be  replaced  by  components  manufactured  by 
these  new  techniques  with  resulting  benefits  In  both  cost  and  weight.  Typically,  British  Aerospace's 
work  suggests  that  a weight  saving  of  20%  and  cost  saving  of  40%  can  be  achieved  by  adoption  of  these 
techniques  to  replace  titanium  components  manufactured  by  conventional  processes. 


The  reduced  weight  results  from  the  design  flexibility  the  techniques  give  allowing  stiffening 
patterns  to  be  Introduced  to  permit  higher  stresses  and  a generally  more  efficient  use  of  this  material 
to  be  made.  Cost  savings  result  from  the  better  material  utilisation  achieved  and  the  significant 
reduction  In  man  hour  content  particularly  where  complex  assemblies  are  produced  In  a single  thermal 
cycle. 
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SUMMARY 

The  paper  will  report  about  the  progress  which  has  been  made  during  the  period 
of  the  development  and  improvement  of  the  EBRO  process  emd  equipment.  Special 
attention  will  be  paid  to  the  demands  of  quality  and  productivity,  the 
problems  which  should  be  and  have  been  solved.  Furthermore  it  should  be  dis- 
cussed where  the  limits  of  process  and  equipment  will  be  and  which 
futural  aspects  command  us  to  go  still  ahead  to  meet  our  goal. 

INTRODUCTION 

The  necessity  and  the  economical  advantages  of  the  powder  metallurgy  for  the 
manufacturing  of  aircraft  and  jetenglne  parts  has  been  proven  and  has  been 
demonstrated  in  several  investigations,  conferences  and  publications.  There 
are  also  enough  summaries  of  commerciaily  used  powder  manufacturing  and 
densification  processes.  If  we  concentrate  on  processes  for  production 
of  spherical  titanium  and  nickelbase-super-alloys  powders,  applicable  for 
the  net  shape  HIP  - process,  then  we  can  say  that  for  titanium  the  REP  process 
is  applied  (5)  and  for  the  nickel-alloys  mainly  the  vacuum-argongas  atomizing 
and  the  vacuum  atomizing  process  are  used  for  industrial  production.  It  must 
be  mentioned  that  new  processes  have  been  developed  and  are  in  certain  stages 
of  development  now. 

1.  PRODUCT  QUALITY 

The  table  in  fig.  1 shows  the  essential  advantages  and  disadvantages  regarding 
the  product  quality  such  that  a conqparison  with  the  EBRD  Process  developed 
from  Leybold-Heraeus,  at  the  moment  sponsored  by  the  AFMRL,  can  be  made. 

The  scope  of  the  Electron  Beam  Rotating  Disc  atomizing  process  is  to  produce 
a metalpowder  of  highest  possible  purity,  applying  low  cost  material  with  a 
minimum  of  running  costs  and  a maximum  of  material  utilization. 
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Fig.  1 Comparison  of  Ti  and  Ni  alloy  spherical  powder  production  processes 
for  manufacturing  of  net-shape  HIP-parts  and  their  contaminations 
in  the  powder.  The  RSR  process  was  not  considered,  since  net-shape 
HIPing  of  that  powder,  maintaining  its  small  crystalline  grain 
size  seams  not  reliable  (see  paper  of  A.R.  Cox,  J.B.  Moore  and 
E.C.  van  Reuth,  Rapidly  Solidified  Powders,  their  Production, 
Properties  and  Potential  ^plications,  in  this  book). 
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The  essential  facts  regarding  product  quality  are: 

a)  No  pick  up  of  contamination  by  the  material  because  of 

the  electron  beam  and  Its  gun 

the  watercooled  rotating  copper 
crucible  applied  for  atomizing  the  metal  and 

the  vacuum  of  less  than  0.3  micron  In 
the  envlroment  of  the  melting  and  the 
atomizing  process. 

b)  Negligible  contamination  pick-up  by 

degassing  of  the  chamberwalls  and  by  reflection  from  the 
deflection  sheets. 

c)  No  hollow  vacuum  or  gasfllled  spherical  particles  which 
are  smaller  than  800  microns. 

As  all  the  other  atomizing  methods  the  EBRD  Process  at  the  moment  has  two 
disadvantages : 

a)  Contaminations  In  the  starting  material 
will  be  transfered  to  the  powder,  without 
any  remarkable  reduction  In  size  cuid  amount 

b)  Contamination  of  the  powder  by  foreign 
particles,  e.g.  small  cotton  flbr^js  from 
tank  cleaning  agents,  peeled  off  condensed 
material  from  the  tankwall  or  the  reflection 
sheets,  dirt  and  dust  particles  from  the 
environment  of  the  atomizing  unit,  which 
enter  the  atomizing  chamber  during  loading 
of  melting  material  and  cleaning  of  the  tank. 

This  may  effect  the  powder  quality  especially  in 
the  development  phase,  when  very  often  small 
quantities  of  powder  will  be  produced,  separately. 

But  due  to  the  fact  that  the  EBRD  offers  the 
possibility  to  run  a production  unit  for  several 
days,  contamination  by  foreign  particles  can  be 

reduced  and  will  then  be  of  minor  importance  In  production  scale. 

The  most  decisive  advantage  of  the  EBRD  process  Is  the  possibility  to  produce 
spherical  powder,  which  can  directly  be  fed  hot  in  a HlP-canning,  which 
can  be  closed  vacuum  tight,  ready  for  HIP-ing.  The  requirements  are  only  that 
the  atomizing  tank  must  be  right  in  shape  and  size  and  the  atomizing  conditions 
must  be  In  the  well  tuned  relations.  The  direct  way  from  the  clean  melting 
Ingot  to  the  high  quality  net  shape  HIP  part  can  be  achieved.  The  produced 
powder  must  not  be  screened  and  exposed  to  atmosphere  or  Inertgas  where  chances 
exist  to  contaminate  the  powder.  Also  the  sensitive  degassing  process  can  be 
avoided. 

Related  to  the  quality  the  possibility  Is  given  to  manufacture  spherical  powder 
of  a narrow  diameter  range,  if  the  diameter  of  the  round  tank  is  large  enough 
to  avoid  a secondary  atomizing  at  the  deflection  sheets  and  therefore  creation 
of  small  spherical  particles  and  flakes  can  be  avoided. 

The  diameter  of  the  atomizing  crucible,  its  rotating  speed,  density,  surface- 
tension  of  the  metal  to  be  atomized  are  decisive  for  the  diameter  of  the 
particles.  Crucible  diameter,  its  rotating  speed,  distance  between  the  crucible 
and  the  deflection  sheets,the  heat  of  fusion  and  the  melting  point  are  decisive 
for  the  amount  of  spherical  and  splashed  material  in  the  powder. 

1.2  Productivity 

The  table  in  fig.  2 a shows  the  essential  process  and  production  data  of  compar- 
able powder  manufacturing  processes. 

1.21  Starting  material 

Regarding  the  useable  material,  the  EBRD  process  requires  clean,  homogenous  and 
straight  castings  or  melting  ingots  or  scrap  compacts  of  reasonable  strength. 
Tl-electrodes  should  be  at  least  single  melted  VAR  ingots  or  nonconcumable 
arc  ingots  with  a clean  surface.  Nl-base  alloys  can  be  VIM  cast  ingots  or  bar 
sticks.  At  the  moment  electrodes  of  80  - 150  mm  diameter  and  750  mm  length  can 
be  applied  in  the  existing  machine. 
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ComiMrisonoF  Tttnd  Ni  Powder  Production  Preutees 
and  Their  Procees  and  Production  Data 
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Fig.  2 a Comparison  of  T1  and  Hi  powder  manufacturing  processes  and  their 
process  and  production  data.  For  the  centrifugal  atomizing 
processes  data  are  given  for  the  existing  pilot  production  units 
and  as  far  as  published  the  data  of  new  developments,  enlarged 
or  planed  production  units. 


The  surface  must  be  clean  and  the  cross  section  area  be  round  or  multi-edged, 
e.g.  six  or  eight.  The  demands  are  similar  as  for  the  argon  atomizing  processes 
and  much  less  as  for  the  REP  or  the  PSV  process,  which  reduces  the  cost  for  the 
starting  material. 

1.22  Process-  and  production  speed 

Compared  to  the  existing  atomizing  processes  the  atomizing  speed  in  the  EBRD 
Process  is  lower.  But  due  to  the  fact,  that  atomizing  is  possible  with  large 
electrode  quantities  and  nearly  continuously  possible  over  several  days  or 
weeks  the  production  speed  of  the  EBRD  process  is  comparable  with  the  argon-  ato- 
misation process  anO  much  higher  than  the  PSV,  REP  or  CSC  process. 

1.23  Length  of  a production  period 

What  are  or  may  be  the  reasons  to  Interrupt  a production  campaign? 

Assuming  the  rci.iabiU.ty  of  the  atomizing  furnace  is  of  the  normal  standard, 
the  facts  which  will  limit  the  production  period  are  peeling  off  of  tank  wall 
coating,  composed  of  condensated  material,  evaporated  from  the  melting 
electrode,  the  crucible  and  the  atomized  metal  beam  and  from  spraying  material 
from  the  bouncing  plates  and  the  interaction  of  the  liquid  and  partial 
solidified  metal  particles.  Up  to  now  we  have  no  experience  about  the  amount 
of  peeled  off  tank  wall  material  which  can  be  tolerated  in  the  powder  and 
how  long  we  can  atomize  before  cleaning  of  the  tank  walls  should  be  necessary. 

It  is  evident,  that  cleaning  of  the  tank  walls  is  absolutely  necessary  when 
the  alloys  to  be  atomized  have  to  be  changed. 

1.24  Material  - utilisation 

The  table  in  fig.  2 b shows  the  material  balance  of  the  coiiq>arable  processes. 
From  the  theoretical  point  of  view  the  EBRD  process  carried  out  in  a large 
enough  tank  should  allow  to  gain  95  % of  spherical  material,  but  a certain 
amount  of  material  agglomerated  to  clusters  must  be  considered,  therefore, 
only  the  87  % value  is  written.  The  expectable  62  % value  for  the  existing 
pilot  unit  may  be  a bit  optimistic  and  should  be  a challenge.  In  spite  of  this 
low  rate  of  material  efficiency, separation  of  the  nonspherical  material  within 
the  hot  metal  powder  should,  if  really  necessary,  be  possible  inside  of  the 
tank,  with  a minimum  of  equipment. 
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Fig.  2 b Material  balance  of  the  comparable  atomisation  processes 
1.25  Investment  and  running  costs 

Comparison  of  the  Investment  and  running  cost  can  be  only  of  theoretical  nature 
and  could  be  based  on  a Nl-base-super-alloy  production  of  approx.  6ooo  t powder 
applicable  for  production  of  net  shape  HIF-PH-parts. 

It  Is  evident  that  the  EBRD  furnace  Is  more  expensive  as  an  argon  atomizing  tower. 
But  when  considering  all  the  additional  costs  for  the  powder  screening  and 
cleaning  equipment,  the  consumption  of  argon,  crucibles,  nozzles  e.g.  and  the 
costs  for  recycling  of  the  unqualified  powder  with  a too  high  oxygen  or  argon 
content  then  the  costs  are  equal. 

2.  THE  INDIVIDUAL  PHASES  OF  THE  PROCESS 

Basically  the  EBRD  Process,  shown  in  Fig.  3 is  as  each  other  atomizing  process 
a three  step  process:  Melting  - Atomizing  - Solidification  with  the  following 
cooling  down  and  collecting  Into  a container. 

For  better  understanding  of  the  process  we  must  look  at  the  details. 

- Heating  of  the  electrode  tip  to  a temperature  required  during  drip  - 
melting. 

- Dripmelting  and  shaping  of  the  electrode  to  a pensll-tip  such  that  all  melted 
material  can  drip  into  a small  crucible  even  if  the  electrode  diameter  is  some 
inches  larger  than  the  crucible  diameter. 

- Splitting  of  the  electrode  droplet  at  the  bottom  of  the  crucible  such  that  a 
thin  liquid  metal  film  will  be  created  at  the  inner  walls  of  the  crucible. 

- Transportation  of  the  slowly  and  controllable  growing  film  within  the  crucible 
to  the  crucible  rim.  Adequate  e.b.  bombardment  is  necessary  to  control  this 
process. 

- Atomisation  of  the  liquid  metal  film  at  the  crucible  rim  , controlled  by  the 
location,  size  and  power  density  of  the  beam  spot  at  the  crucible  edge. 

The  size  of  the  particle  produced  there  is  given  by  the  formula: 

d - particle  diam  (cm) 
n « disc  rotation  (rpm) 

S ~ surface  tension  (dyn  cm~  ) 

9 - density  (g.cm”^) 

D - disc  diameter  (cm) 

A/uo  bw  uia«  wa wkb  ah  i^hape  and  power  density  at  the 

electrode  tip,  crucible  interior  and  crucible  rim  three  guns  of  different 
power  and  design  are  installed,  as  shown  in  Fig.  4. 
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Fig.  3 The  EBRO  Process  (schematic  drawing) 


Fig.  4 

Meltchaunber  and  gun  arrangement  o£  the 
EBRD  Powder  Production  Furnace 
ESPM  24/240. 

Gun  K 1 takes  care  for  atomizing  of  the 
metal  from  the  rotating  crucible  rim. 
Gun  K 2 distributes  the  metal  inside 
the  crucible  and  helps  to  move  it  as 
a film  to  the  crucible  edge.  Gun  K 3 
dripmelts  the  150  mm  diameter  vertical 
fed  electrode. 

For  a production  unit  the  functions 
of  gun  2 and  3 can  be  united,  such 
that  one  gun  will  melt  the  electrode 
and  heat  the  crucible  by  spreading 
the  electron  beam  at  two  locations. 


k 


Controlled  atomisation  is  the  atomisation  in  mainly  one  single  direction.  K metal 
particle  beam  club  of  60  - 80°  in  the  width  and  approx.  ^ 5°  in  the  height 
leaves  the  crucible.  The  controlled  EBRO  atomisation  Fig.  5,  6 a,  6 b,  is  thus 
a directional  atomisation. 


4 
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Particle  beam  (top  view) , atomizing 
rate  10  )cg/h,  average  particle 
diameter  380  micron. 


Particle  beam  (side  view)  atomizing 
rate  10  \g/h,  average  particle  diameter 
380  micron. 


Particle  beam  (side  view)  atomizing 
rate  3 )cg/h,  average  particle  diameter 
450  micron. 


All  around  atomizing  talces  place 


- when  the  electrode  droplet  cam  not  be  distributed  to  a film  in  the  crucible 
and 

- when  the  dripmelting  speed  is  higher  than  the  controlled  atomizing  speed. 

On  the  way  from  the  crucible  to  the  deflection  sheets  solidification  of  the  metal 
droplets  starts  . Flighttime,  heat  of  solidification,  melting  point  and  radiation 
emissivlty  are  decisive  for  the  degree  of  solidification.  Thus  strength 
of  the  metal  slcln  of  the  droplet,  speed  of  the  droplet  at  the  deflection  sheet 
and  the  angle  of  the  sheet  to  the  direction  of  the  flying  droplet  are  in- 
flue.iclng  Icind  and  amount  of  the  secondary  atomisation.  Plaices  and  small  size 
spherical  particles  in  the  powder  show  wether  secondary  atomisation  has  talcen 
place  or  not.  The  bouncing  conditions  at  the  water  cooled  copper  reflection  sheet 
are  decisive  also  for  the  size  and  shape  of  the  flalce  material. 

Condensed  and  sprayed  material  at  the  copper-wall  will  in  some  cases  be  ab- 
sorbed from  the  partially  liquid  metal  droplets  or  will  be  losened  or  be  peeled 
off  by  the  metal  particles. 

After  reflection  the  powder  cools  dotm  to  less  than  500°  C and  will  therefore 
not  balce  together. 
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3.  RESULTS  GAINED 


3.1  Quality 

The  main  point  of  interest  in  our  investigations  was  to  maintain  the  high 
quality  of  the  material  (Ti6Al4V),  avoiding  the  pick  up  of  any  contamination 
and  the  separation  of  the  oversized  particles  which  influence  the  flow-rate 
and  the  tap  density. 

3.11  Chemical  composition 

From  e.b.  melting  of  Ti6A14V  we  know  that  intolerable  aluminium  losses  can  not 
be  avoided  when  the  melting  rate  is  not  larger  than  60  kg/h.  Therefore  we 
have  with  respect  to  aluminium  concentration  specially  evaluated  25  out  of 
100  atomisation  tests  covering  the  range  of  atomisation  rate  from  3 kg/h  to 
50  kg/h.  The  result  is  given  in  fig.  7 a. 
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Fig.  7 a Analytical  values  of  EBRD  atomized  Ti6Al4V 


At  the  low  rate  of  3 kg/h  the  reduction  of  A1  is  only  from  6.25  to  6.05  %. 

At  medium  ranges  of  15  kg/h  aluminium  losses  are  negligible  and  do  not  exist 
at  higher  rates.  Oxygen,  nitrogen  and  hydrogen  contents  are  in  the  powder 
somewhat  smaller  than  in  the  electrode,  but  this  small  reduction  is  for  oxygen 
and  nitrogen  certainly  not  an  effect  of  the  e.b.  melting  process  in  high 
vacuum.  The  different  analytical  values  are  mainly  due  to  contamination  of  the 
sample  taken  from  the  electrode,  compared  to  the  contamination  free  powder  sample. 
Reduction  of  hydrogen  has  certainly  taken  place  during  the  process,  but  not  in 
that  amount  as  it  is  shown  by  the  analytical  values. 

The  long  flight-time  of  the  liquid  particle  in  high  vacuum  may  create  some 
inhomogeneities  in  the  powder  particle,  e.g.  a smaller  A1  content  at  the 
surface  area  than  in  the  center.  Measurements  on  particles  of  100  and  400  microns 
diameter,  produced  in  a tank  modification  where  the  whole  possible  flying-way 
was  utilized  has  shown  the  micro-analysis  evaluation  given  in  fig.  7 b. 

The  analogeous  values  of  particles,  produced  in  a modified  tank  are  given  in 
fig.  7 c. 


Fig.  7a  solidificotion  Icnghth  im  Fig  7b  solidification  length  2n. 


Fig.  7 a/b  A1  and  T1  content  of  single  untreated  spherical  particles  of  100 
and  400  micron  diameter  after  2 and  4 a solidification  length 


I 


17-8 


3.12  Metallic  xii^>uritiea  and  contamination 

They  have  been  checked  very  carefully.  The  first  powder  quantities,  produced 
in  the  new  furnace,  hud  contained  some  maqnetical  particles.  They  mainly  were 
smaller  than  40  microns,  black  and  of  the  flake  shape.  Some  small 
titanium  balls  (<40  micron)  have  had  very  small  magnetic  properties.  Careful 
screening  of  the  air  used  for  venting  the  tank  and  keeping  the  tank  closed 
have  reduced  the  amount  of  magnetical  particles  but  not  avoided.  Splitting 
up  the  process  in  a pre-run,  main-run  and  run  after,  and  collecting  the  powder 
in  different  cans  has  shown  that  only  the  powder  of  the  pre-run  did  contain 
magnetical  particles.  Conclusion: 

Iron  containing  dust  from  the  furnace  environment  enters  the  tank  and  causes 
contamination  problems. 

Analyses  of  the  powder  for  copper,  iron  and  silicon  shows  only  slight  changes 
within  the  range  of  accuracy  of  the  analysis.  So  the  increase  of  copper  by  water 
cooled  copper  crucible  and  the  water  cooled  reflection  sheets  can  be  neglected 
and  must  not  be  considered  in  the  future. 

The  critical  point  "Crosscontamlnation"  could  not  be  investigated  since  only 
Ti6A14V  was  atomized  up  to  now. 

Contamination  of  the  powder  by  tank  cleansing  agents  or  dust  will  certainly 
exist,  the  investigations  in  this  regard  are  not  completed. 

3.13  Particle  size  and  distribution 

Applying  certain  process  parameter,  especially  small  crucible  diameter  and 
low  rotating  speeds,  the  existing  atomizing  furnace  allows  production  of 
spherical  powder  without  secondary  atomization  at  the  reflection  sheets.  In 
a small  range  of  process  parameters  it  could  be  confirmed, that  manufactured 
Ti-particles  between  300  and  600  micron  diameter  follow  the  given  rules. 

When  manufacturing  smaller  particles  with  larger  crucibles  and  larger  rotating 
speeds  secondary  atomization  at  the  bouncing  stheets  can  not  be  avoided.  The 
particle  size  distribution  is  given  in  fig.  8. 


Fig.  8 

Particle  size  distribution  of 
Ti6Al4V  powder  atomized  with  a 
disc  rotating  speed  of  3800  rpm. 


3.2  Productivity 

Unfortunately  the  existing  tank,  shown  in  fig.  10  a and  10  b is  not 

large  enough  for  the  production  of  100  % spherical  Ti-alloy  powder.  _. 

The  reason  is  the  high  solidification  heat  of  120  cal  g”^  instead  of  100  cal  g~'*'. 
The  powder  produced  in  the  existing  unit  consists  of  15  - 30  % flake  powder, 
mainly  spearhead  shaped  and  the  rest  of  mainly  single  spherical  powder.  The 
mixture  of  the  powder,  as  produced,  can  be  cold  denslfled  with  a pressure  of 
8 t/cm^.  The  achieved  density  is  63  % and  the  strength  15  kg/cm2.  Under  the 
existing  circumstances  it  could  be  shown  that  atomisation  into  a sector  is 
possible.  See  fig.  9.  Under  optimum  conditions  of  crucible  and  electrode  diameter 
and  crucible  rotation  and  beam  power  dlstrlblutlon  at  the  electrode  tip,  as  well  as 
crucible  wall  and  rim  75  percent  of  the  melted  material  could  be  specified  as 
qualified  since  its  tap  density  was  larger  than  60  %.  The  rest  of  the  material 
was  flake  material  and  was  sprayed  off  material  at  the  chamber  walls.  Another 
test  has  shown  that  more  than  80  % of  the  melted  material  could  be  collected 
in  the  can  of  the  sector  tank.  The  rest  was  sprayed  off  material  at  the  tank 
walls,  caused  by  uncontrolled  all  around  atomization. 
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EBRD-Atomizlng  Furnace  ESPM  24/150 
for  pilot  production  of  flaked  and 
spherical  Ti  and  Ni-alloy-powder. 


Fig.  10  b 

ESPM  24/150  with  150  kw  installed  e.b. 
power  and  24.000  ls~^puniplng  capacity. 
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Fig.  9 Process  and  production  values  for  pilot  production  of  Ti6A14V-powder. 


Even  if  we  have  seen  that  the  tank  is  to  seall  for  production  of  100  % spherical 
titanium  powder  we  have  developed  some  means  and  improved  some  e.b.  parameters,  that 
the  amount  of  splashed  material  could  be  reduced  to  such  a small  amount  that  flake 
material  could  be  separated  in  the  vacuum  tank  and  nearly  100  % spherical  powder  with 
a tap  density  of  approx.  60  % could  be  gained.  After  further  Improvements  of  the 
atomizing  process  data  and  the  cooling  system,  we  believe  that  with  the  existing 
unit  titanium  powder  production  with  an  atomizing  speed  of  30  - 45  kg/h,  using  an 
electrode  of  100  - 125  mm  diameter  with  a material  utilization  of  50  - 60  ^ should 
be  feasible. 

To  lBg>rove  the  material  efficiency  some  tests  have  been  made  to  recycle  the 
splashed  powder  and  the  material  splashed  to  the  tank  walls  of  the  melting 
chamber.  This  material  was  compacted  to  an  electrode,  dripmelted  and  atomized. 


f 

t 


r 

t 

i 


I 


I 


L 


17-10 


Th«  procMSM  hava  bean  running  as  when  using  cast  electrodes.  The  oxygen  - 
content  of  the  coapacts  and  the  produced  powder  is  approx.  300  ppm. 
larger  than  the  O2  content  of  the  powder  produced  from  virgin  electrodes. 

There  is  no  doubt,  that  atomizing  in  vacuum  has  the  problem  of  solidifying 
the  particles.  Only  radiation  serves  for  heatlosses.  If  in  case  of  titanium  the 
heat  of  solidification  is  high  (120  cal  g~^)  large  flighing  times  are  necessary. 
Much  easier  is  EBRD  atomisation  of  zirconium,  hafnium,  niobium,  molybdenum,  . 
tantalum  and  tungsten,  where  heat  of  solidification  is  between  30  and  70  cal  g~^ 
As  the  energy  losses  by  radiation  at  higher  temperatures  are  by  some  factors 
higher  for  the  high  melting  point  metals  much  shorter  tank  dimensions  are 
applicable. 

Nevertheless  atomisation  of  titanium  and  nickel -base-super-alloys  with  the 
EBRD  process  can  be  achieved  and  will  be  more  economical  than  with  other 
existing  processes,  when  a high  powder  quality  is  required  and  the  annual 
amount  of  powder  will  be  more  than  100  tonnes  for  Ti-powder  and  more  than 
2000  tonnes  for  Nl-base-super-alloy  powder. 

4.  FUTURE  ASPECTS 

If  we  look  for  further  aspects  in  the  future  we  should  look  at  fig.  11. 

This  process,  a combination  between  continuous  flow  melting  and  EBRO  process, 
offers  the  possibility  of  refining  the  Mi-base-super-alloy  from  ceramic 
Imouritles,  swimming  on  the  pool  surface  of  the  melting  trough  and  be  re- 
moved from  a barrier.  It  offers  also  evaporating  of  toxic  trace  elements  and 
reduction  of  interstitials. 


Fig.  11  Advanced  powder  production  starting  from  heavily 
contaminated  raw  material 


When  applying  this  combined  technology,  mixtures  of  titanium  sponge,  master 
alloy  and  clean  scrap  can  be  fed  and  Ti-powder  be  produced  in  an  one  chamber 
furnace.  Provisions  must  only  be  made  to  keep  the  magnesium  and  chlorine  of 
the  sponge  away  from  the  solidifying  powder.  These  future  auspices  favour  the 
EBRD  process  as  powder  production  process  of  the  future  and  therefore  it  is 
worthwhile  evaluating  further  equipment  past  and  process  parameters. 
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Abstract 


Hot  isostatic  pressing  of  nickel-base  superalloy  powder  is  probably  the  most  important  phase  in  the 
manufacture  of  cooplex-shaped  aircraft  parts  (e.g.  turbine  disks). 

From  the  microstructure  point  of  view,  a preliminary  evaluation  can  be  made  of  as-hip  materials  pro 
duced  according  to  a number  of  characteristic  cycles. 

Choice  of  the  most  appropriate  HIP  process  to  use  would  appear  to  depend,  to  soise  extent,  on  subse- 
quent heat  treatment  which  tends  to  heighten  certain  aspects  of  the  laetallographic  structure,  such  as 
ther  mal  induced  porosity  or  even  distribution  of  alloying  elements  and  certain  intermetallic  phases  inso 
luble  in  the  matrix. 

One  of  the  main  results  of  the  work  covered  in  this  paper  has  been  the  confirmation  of  an  important 
basic  asstmq>tion:  the  microstructure  of  a superalloy  produced  from  pre-alloyed  powder  using  the  HIP  pro 
cess  is  such  that,  besides  making  subsequent  heat  treatment  much  siiqpler,  it  also  enables  mechanical  cha£ 
acteristics  to  be  obtained  which  are  coiq>arable  with  superalloys  produced  using  conventional  technologies. 


Introduction 


Low-carbon  Astroloy  is  a variation  of  standard  Astroloy  in  which  the  carbon  content  is  reduced  from 
0.16Z  to  less  then  O.OSZ. 

The  reason  for  this  is  to  minimise  the  precipitation  of  stable  carbides  (e.g.  TiC)  on  the  surface 
of  the  powder  grains  during  atomisation  of  the  powder  in  argon  of  molten  alloy. 

The  presence  of  precipitated  carbides  hinders  densification  during  the  HIP  process  because  of  segr£ 
gation  at  prior  grain  boundaries,  thus  preventing  their  diffusion. 

If  carried  out  under  the  right  conditions,  the  HIP  process  provides  the  material  with  a more  suita- 
ble starting  structure  for  subsequent  heat  treatments. 

In  comparison  with  conventional  systems,  heat  treatment  of  HIP  processed  parts  is  much  less  complex, 
especially  as  regards  ageing.  The  homogeneous  nature  of  the  loaterial  is  such  that  no  special  heat  treat- 
ment is  required  for  even  distribution  of  the  intermetallic  phases  (initial  powder  is  prealloyed  that 
is,  each  grain  of  powder  has  the  average  chemical  composition  of  the  alloy  as  a whole). 

This  assumption  was  bom  out  by  the  final  mechanical  characteristics  of  the  material. 


1)  Materials  used 


The  raw  material  used  is  L.C.  Astroloy  powder:  the  chemical  composition  and  grain  distribution  are 
shown  in  Table  1 and  Fig.  1 respectively. 

Before  being  pressed,  the  potnler  was  put  through  the  following  heat  treating  process:  500*C  for  24 
h under  vacuum  at  10  atm.  This  process  removed  the  atmospheric  water  absorbed  on  the  surface  of  the 
powder  during  storage.  Two  types  of  HIP  process  are  used  to  density  the  powder: 

1)  Cycle  A : Tmax  1100*C 

Pmax  lOOO'C  atm 
Dwell  tism  : 1 h 


2)  Cycle  B : Tmax  1200*C 

Pmax  1000  atm 
Dwell  time  : 1 h 


The  superalloys  compacted  using  these  two  cycles  were  identified  whith  the  letters  A and  B respect^ 
(Figs.  2 and  3). 


I 

* 

f 


* - 

'.1 


18-2 

2)  Microstructure  of  starting  material 

2a  Residual  porosity 

To  check  that  material  were  fully  cosipacted,  residual  porosity  was  measured  on  both  material  types. 

Keep  in  mind  that  the  initial  metal  powder  did  not  contain  practically  any  porosity  : this  means  that 
defects  can  be  attributed  entirely  to  the  HIP  process. 

Table  2 shows  the  average  volume  percentage  of  residual  porosity  in  the  two  types  of  Astroloy  produ- 
ced (A  and  B) . 

As  |ar  as  hole  size  is  concerned  (these  are  taken  to  be  spherical  and  expressed  as  the  surface  area 
in  pm  of  the  section),  percentage  distribution  was  found  to  differ  according  to  the  HIP  cycle  used 
(Figs.  4 and  S) . 

On  both  the  as-hip  superalloys,  concentration  and  average  porosity  size  were  very  low  even  though 
they  differed  slightly. 

To  clear  up  this  point,  research  is  currently  being  carried  out  into  the  effect  of  time  and  tempera- 
ture on  diffusion  at  the  contact  points  of  powder  particles  subjected  to  hot  plastic  distortion  by  out8£ 
de  isostatic  pressure  which  may  vary  during  the  process, 

2b  Grain  morphology  - Intermetallic  phases 

The  granulometry  of  Astroloy  A is  characteristic  in  that  the  powder  grains  are  clearly  visible  con- 
taining part  of  the  original  dendrites  and  an  incipient  secondary  austenitic  structure  not  fully  sta- 
bilized. The  austenitic  structure  of  Astroloy  B,  on  the  other  hand,  is  already  partially  aged.  There 
is  absolutely  no  trace  of  dendrites  whereas  the  stable  precipitates  - oxycarbonitrides  and  Ti  nitrides 
- not  yet  diffused  on  the  surface  of  the  dust  grains  clearly  "recall”  the  primary  structure  (Figs.  6 
and  7) . 

Table  3 shows  the  hot  static  mechanical  properties  (6S0*C)  of  the  two  materials  in  the  as-hip  state 
without  any  further  heat  treatment.  These  tests  show  the  importance  of  the  primary  grain  edge,  that 
is,  that  one  coinciding  with  the  spherical  dust  surface.  Fig.  8 shows  the  microstructure  of  the  fractu- 
re surface  of  Astroloy  A.  Large  breakaways  can  be  seen  round  the  spherical  surfaces  together  with  duc- 
tile microzones  where  welding  of  the  particles  after  the  HIP  process  is  better. 

Material  B,  on  the  other  hand,  which  has  the  best  mechanical  characteristics,  shows  that  breakaway 
is  of  the  intergranular  type  with  ductile  microzones  (Fig,  9). 

No  secondary  effects  were  observed  produced  by  the  "recollection"  of  the  primary  edge  such  as  fractu 
res  inside  the  austenite  grain.  As-hip  superalloys  A and  B also  differ  in  shape,  size  and  intermetallic 
phase  y'  distribution.  This  is  shown  in  Figs.  10  and  11  and  Table  4. 

Two  conclusions  can  be  drawn  before  subjecting  these  two  materials  to  heat  treatment: 

1.  It  is  important  to  overcome  the  primary  structure.  This  can  be  done  using  a suitable  HIP  process  or 
(as  we  shall  see  later  on)  appropriate  heat  treatment.  As  we  already  know,  a number  of  important  fi- 
nal sttchanical  characteristics  dipends  on  grain  shape  and  size. 

2.  P/M  superalloys  show  very  even  intermetallic  phase  distribution.  This  depends  on  the  use  of  preallo^ 
yed  powder  in  which  the  chemical  composition  of  each  grain  is  identical  with  the  average  composition 
of  the  alloy  as  a whole.  The  distensions  of  phase  y' , however,  are  fairly  high,  enough  to  make 
plasticity  of  the  hot  material  excessive. 

The  aim  of  heat  treatment  should  be  to  reduce  the  average  disKnsion  of  y'  (increasing  the  weigh 
ratio  of  se-condary  sstaller  sized  y'  phase)  without  affecting  even  distribution. 

3)  Heat  treatments 


Owing  to  the  need  of  overcoming  the  primary  structure  of  superalloy  A,  solution  heat  treatment  was 
performed  at  1200*C  for  sure  and  more  long  tisies. 

Figs.  12a-b-c  show  the  austenitic  substructure  develops  gradually,  first  eliminating  residual  den- 
trites  to  arrive  (Fig.  12c)  at  an  austenitic  structure  similar  to  that  of  Astroloy  B (Fig.  7).  In  the 
primary  structure  however,  resmining  inside  the  austenite  grain,  porosity  can  be  seen,  particularly  in 
certain  triple  points,  which,  by  way  of  its  origin,  we  shall  refer  to  as  "heat  induced"  and  which  is 
larger  than  the  porosity  detected  in  the  as-hip  material.  As  this  jeopardises  the  quality  of  the 
material  from  the  outset,  Astroloy  A wss  rejected  and  attention  centered  on  Astroloy  B which  constitutes 
a far  superior  starting  material. 

According  to  ASTM  standards,  the  average  austenitic  grain  size  of  Astroly  B falls  between  7-8  ASTM. 

The  target  size  is  4-S  ASTM.  Two  different  heat  treatsmnt  processes  were  used  to  reach  this  objective: 

1.  1200*C  for  4 h - salt  quenched 

2.  1200*C  for  12  h - salt  quenched 

Grain  growth  was  observed  in  both  cases,  particularly  the  second  one  were  'v  4 ASTM  was  reached.  No  no- 
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[ ticeable  improvement  was  observed  however  (all  other  conditions  remaining  unchanged  ) in  Che  creep  resi- 

[ stance  of  the  material. 

: Salt  bath  quenching  was  used  to  get  a better  check  of  cooling  speed  and  enable  repetition  of  heat 

i treatment . 

' Only  two  ageing  processes  were  adopted  in  view  of  the  material's  "good  initial  homogeneity". 

[ 

1.  840*C  for  24  h + 700*C  for  100  h - A.C. 

2.  840*C  for  24  h ♦ 750 *0  for  50  h - A.C. 

The  carbide  stabilizing  phase  was  ignored  for  two  reasons  : (i)  - the  material  used  was  low-carbon-con 
tent;  (ii)-the  small  amount  of  carbide  present  at  the  outset  (on  the  powder  surface)  was  already  present 
in  its  most  stable  chemical  form  (TiC) . 

The  material  thus  treated  was  subjected  to  hot  static  testing  (650*C)  , creep  testing,  in  order  to 
evaluate  the  time  necessary  to  reach  0.2Z  elongation  and  the  final  average  size  of  the  austenite  grain 
and  y'  phase  checked.  The  results  are  given  in  Table  5 which  shows  four  types  of  F/M  Astroloy  - Bl,  B2, 
B3,  B4  - subjected  to  different  heat  treating  processes.  The  microstructures  and  fracture  surfaces  of 
the  four  materials  subjected  to  hot  static  tensile  testing  are  shown  in  Figs. 13  a-b,  14  a-b,  15  a-b 
and  16  a-b  respectively.  No  signs  of  coisplete  fragile  fracture  were  found  in  any  sample. 

Conclusions 

The  HIF  process  gives  to  materials  to  be  produced  a top  quality  from  every  point  of  view.  HIF  pro- 
cesses are  decisive  starting  points  as  regards  nickel-base  superalloys  and  subsequent  heat  treatment  of 
the  material.  In  particular,  it  was  noted  (and  this  bore  out  further  studies)  that  the  maximum  HIF  tempe- 
rature must  be  way  over  the  solution  heat  treatment  temperature  of  phase  y*.  Only  in  this  way  it  is  possi- 
ble to  overcome  structural  defects  (e.g.  thermal  induced  porosity)  and  obtain  materials  with  optimum  me- 
chanical properties. 

Heat  treatments  of  these  materials  can  be  furtherly  simplified.  Metal lographlc  structures  and  final 
mechanical  propeties  are  fully  comparable  with  materials  produced  using  conventional  systems  or  heat 
treated  using  longer  and  much  more  complicated  processes. 
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Table  1 
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- Cheaical  cooposition  of  L.C.  Astroloy  powder 


Z 


c 

0.022 

Cr 

14.55 

Co 

17.50 

Mo 

5.00 

A1 

4.08 

Ti 

3.55 

Mn 

0.010 

Fe 

0.09 

W 

0.03 

B 

0.022 

Cu 

0.05 

Si 

0.019 

Zr 

0.002 

P 

0.004 

S 

0.005 

"2 

20  ppm 

°2 

20-50  ppm 

Hi 

bal. 

r 


A - ASTROLOY 

(LOW -TEMPERATURE 

HIPPED) 

B - ASTROLOY 

(HIGH -TEMPERATURE 

HIPPED) 

VOLUME 
PERCENTAGE 
OF  POROSITY 

0.28 

0.08 

TABLE  2 • AVERAGE  POROSITY  IN  P/M  L.C.  ASTROLOY 
HIPPED  BY  TWO  HIP  - CYCLES 


UTS 

YSo.a 

— 

Et 

R.A. 

(N  • mm"*) 

(N  • mm"*) 

(%) 

(%) 

A - ASTROLOY 

510.9 

492.5 

n.d. 

3.73 

B - ASTROLOY 

1105.5 

684.3 

30.7 

33.3 

TABLE  3 - MECHANICAL  PROPERTIES  (650°C)  OF  P/M 

L.C.  ASTROLOY  AS  - HIP  IN  TWO  CONDITIONS: 
LOW  AND  HIGH  TEMPERATURE 


I 


A - ASTROLOY 

(LOW -TEMPERATURE 

HIPPED) 

B - ASTROLOY 

(HIGH  - TEMPERATURE 

HIPPED) 

WEIGH  % 

43.5 

42.8 

AVERAGE 

LINEAR 

SIZE  OF  Y' 

0.2  + 1.2 

1.5 

TOPOLOGICAL 

DISTRIBUTION 

UNIFORM  INSIDE 
PRIOR  GRAINS 

UNIFORM  INSIDE 
AUSTENITIC  GRAINS 

/ 


TABLE  4 - AMOUNT,  SIZE  AND  TOPOLOGICAL  DISTRIBUTION 
OF  Y'-  PHASE  IN  P/M  ASTROLOY  AS  • HIP 


AGEING  HEAT  TREATMENTS 


SOLUTION  HEAT  TREATMENTS 

1200'Cx4h-S.Q. 

1200*Cx  12h- 

S.Q. 

UTS  (N-  mm"’) 

1035.6 

UTS  (N  -mm’) 

1140.1 

YSoa(N-  mm’) 

828.5 

YSoj{N-  mm’) 

1001.1 

EB  (%) 

25 

EE  (%) 

19.5 

R.A.  (%) 

29 

R.A.  (%) 

24.3 

•CREEP  1 h ) 

97 

•CREEP(h) 

105 

GRAIN  SIZE  (ASTM) 

6-7 

GRAIN  SIZE  (ASTM) 

3-4 

Y'SIZE  ( (im) 

1.5 

Y'SIZE  ( Jim) 

1.2 

UTS  (N.  mm’) 

1139.2 

UTS  (N  - mm’) 

1173.7 

YSo.a(N . mm"’) 

1034.3 

YSo.2(N  • mm ’) 

1035.6 

EE  (%) 

20 

EE  (%) 

16 

R.A.  (%) 

19.7 

R.A.  (%) 

17 

•CREEP  (h) 

120 

•CREEP(h) 

125 

GRAIN  SIZE  (ASTM) 

6-7 

GRAIN  SIZE  (ASTM) 

3-4 

Y'SIZE  ( Jim) 

1.0 

Y'SIZE  ( Jim) 

0.8 

•650°C/600  N • mirT’ CREEP  - TIME  TO  0,2%  ELONGATION 


TABLE  5 - MECHANICAL  PROPERTIES  OF  P/M  L.C.  ASTROLOY  AFTER  HEAT 
TREATMENTS  (650'C) 


. ASTROLOY  - GRAIN  SIZE  DISTRIBUTION  OF  POWDER 


HIGH  TEMPERATURE  HIP  CYCLE 


L'^'^'v: 


■■■ ' ■imniiim 


Astroloy— B after  heat  treatment  1200®C  x 12  h S.Q.  + 840®C  x 24  h 
+ yOO^C  X 100  h A.  C.  (200  x) 


Fig.  15  b—  Fractograph  of  ruptured  smooth  of  Astroloy-B  after  heat 
treatment  as  in  fig.  15-a  (100  x) 
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SUMMARY 

Three  main  techniques  for  forming  useful 
products  which  benefit  from  rapid  solidification 
are  reviewed.  They  consist  of: 

I.  extruding,  forging,  rolling  or  pressing 
rapidly  solidified  oowder  or  spiats. 

II.  solidifying  molten  metals  by  contact  with  a 
moving  cold  surface  to  produce  tape  or  wire. 

III.  spray  forming  on  a cooled  substrate  or  mould. 

Spray  deposition  Is  selected  as  the  proc~ 
edure  which  has  the  greatest  potential  in  terms 
of  Industrial  aopllcatlon  because  of  its  versa- 
tility and  relatively  low  cost.  Some  of  the 
Important  factors  affecting  the  integrity  of 
spray  deposits  and  ths  properties  of  the  sub- 
sequent spray  formed  products  are  discussed. 
Particular  attention  is  directed  to  the  effect 
of  spray  density  In  relation  to  substrate  cool- 
ing on  structure  and  mechanical  properties,  and 
the  effect  of  residual  oxygen.  Information 
is  given  on  the  process  variables  involved  in,  and 
the  properties  produced  by,  spray  casting,  snrav 
rolling,  centrifugal  spray  forming  and  spray 
forging. 
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BENEFITS  OF  RAPID  SOLIDIFICATION 

Rapid  solidification  is  now  a band-wagon  in  the  metallurgical  field.  It  is  there- 
fore useful  to  analyse  the  reasons  for  its  popularity  and  attractiveness  in  the  area  of 
fabrication  together  with  its  weaknesses  and  limitations.  In  1959  it  was  found  that  by 
allowing  small  atomised  drops  of  molten  metal  to  impinge  at  high  velocity  on  a cold  metal 
surface  thin  solid  splats  were  formed  which  had  cooled  at  rates  up  to  10°  Ks"^.  Later 
it  was  found  that  by  solidifying  drops  of  molten  metal  between  two  impacting  surfaces 
using  a h^unmer  and  eunvil  technique,  thin  splats  up  to  3cms  diauneter  could  be  produced 
having  similar  rates  of  cooling.  Such  large  splats  enabled  the  tensile  properties  to  be 
determined  accurately.  An  examination  of  the  structure  and  properties  of  these  rapidly 

solidified  splats  showed  several  Important  features  the  most  Important  being: 

i.  with  most  metals  ultra  fine  grain  sizes  were  produced. 

ii.  cooling  was  so  rapid  that  new  phases  were  formed.  Frequently  regions  of  solid  solu- 
bility were  extended  enormously  giving  entirely  new  meta-stable  structures.  These 
metal  stable  structures  could  decompose  to  give  pronounced  precipitation  hardening 
effects  hitherto  unknown. 

iii.  in  many  cases  enhanced  mechanical  properties  were  achieved  by  the  use  of  rapid 
solidification. 

Iv.  with  certain  special  alloys  it  was  possible  to  cool  so  rapidly  that  the  materials 
remained  in  the  amorohous  state.  Such  metal  glases  were  found  to  have  valuable 
electrical  and  magnetic  properties  in  addition  to  enhanced  tensile  properties. 


Clearly  such  raoidly  solidified  materials  are  of  great  interest  and  much  endeavour 
is  towards  obtaining  higher  and  higher  cooling  rates.  Unfortunately  the  quest  for  cool- 
ing rates  beyond  10°  Ks"l  inevitably  leads  to  many  practical  problems  including  materials 
being  produced  in  thinner  sections  or  layers  than  hitherto  or  by  means  of  more  exotic 
equipment  and  processes.  This  trend  makes  it  more  difficult  for  the  research  and  develop- 
ment to  be  applied  successfully  to  the  manufacture  of  useful  products  endowed  with  the 
enhanced  properties  brought  about  by  rapid  solidification. 

One  of  the  objects  of  this  paper  is  to  show  that  there  are  presently  immense  possibil- 
ities for  greatly  improving  the  performance  of  "conventional"  metals  and  alloys  using  cool- 
ing rates  between  10^  and  106  Ks"l.  In  the  view  of  the  author  the  most  valuable  approach 
in  this  area  is  to  exploit  to  the  full  the  possibilities  of  rapid  solidification  to  produce 
massive  and  useful  metal  products  of  direct  interest  to  industry. 

WAYS  OF  ACHIEVING  RAPID  SOLIDIFICATION 

To  obtain  rapid  solidification  it  is  necessary  to  cool  a molten  metal  rapidly  by  con- 
duction of  heat  away  from  an  exterior  surface.  The  only  exception  is  the  case  where  sub- 
stantial super-cooling  is  possible,  but  even  in  this  case  it  is  generally  necessary  to 
cool  a small  volume  of  liquid  very  rapidly. 

Metals  in  the  form  of  ions  or  metal  vapour  can  be  condensed  on  a cool  metal  substrate 
to  give  effects  similar  to  rapid  solidification  but  the  rate  of  deposition  is  low  so  that 
such  methods  are  mainly  used  as  a means  for  obtaining  strongly  adherent  thin  surface  coat- 
ings rather  than  for  building  up  major  components. 


Molten  metals  in  the  form  of  small  drops  or  thin  films  are  the  most  convenient  and 
satisfactory  ways  of  obtaining  high  rates  of  cooling.  Provided  the  drops  are  small  enough 
or  the  films  thin  enough  they  both  allow  very  high  cooling  rates  to  be  achieved.  The 
cooling  means  can  be  a cold  fluid,  either  gaseous  or  liquid,  or  a cold  solid  surface. 

By  combining  these  factors  in  various  ways  all  the  present  methods  of  rapid  solidification 
can  be  obtained.  Liquid  metals  can  be  atomised  to  form  small  liquid  particles  which  cool 
rapidly  when  in  contact  with  a high  velocity  stream  of  cold  gas.  Conventional  atomising 
procedures  using  air  or  inert  gas  give  particles  of  lCX)-200um  diameter  with  cooling  rates 
''<10^  Ks”l.  These  rates  are  not  particularly  interesting  because  they  are  not  sufficiently 
high  for  the  development  of  superior  properties.  Water  atomising  tends  to  produce  slightly 
more  rapid  freezing  and  gives  irregular  powders.  The  rate  of  cooling  is  lower  than  might 
be  expected  because  layers  of  water  vapour  formed  around  the  molten  particles  have  an  insul- 
ating effect. 

The  most  rapid  rates  of  cooling  are  given  by  contact  of  a molten  metal  with  a cold 
solid  surface.  This  is  especially  true  of  integral  methods  where  the  highest  quenching 
rates  are  brought  about  by  rapidly  melting  a very  thin  surface  layer  of  a massive  piece 
of  cold  solid  metal.  The  most  startling  results  are  obtained  by  using  the  well  known 
technique  of  laser  glazing  in  which  a powerful  laser  beam  passes  raoidly  over  the  workpiece 
melting  a thin  film  which  subsequently  freezes  as  the  beam  passes  to  other  parts  of  the 
workpiece.  Because  the  molten  film  is  an  Integral  part  of  the  workpiece  and  the  heat 
transfer  is  effectively  perfect  it  is  chilled  extremely  rapidly  by  conduction  of 

heat  to  the  base.  In  this  way  cooling  rates  up  to  lo8  Ks"l  have  been  obtained  enabling 
surface  hardening  treatments  to  be  carried  out  or  in  some  cases  allowing  an  amorohous 
layers  to  be  formed  on  the  surface  having  mechanical  and  chemical  properties  entirely  dif- 
ferent from  the  base.  Laser  glazing  does  not  change  the  geometric  form  of  the  workpiece 
and  cannot  therefore  be  regarded  as  a means  of  forming  metals.  For  this  reason  it  will 
not  be  dealt  with  further  in  this  paper. 


Other  methods  of  rapidly  solidifying  films  of  liquid  metal  consist  of  either  spread- 
ing a drop  or  streeun  of  molten  metal  thinly  over  a cold  metal  surface  or  by  squeezing  a 
stream  of  molten  metal  between  two  cold  metal  surfaces.  The  earliest  experiments  were 
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carried  out  with  small  droplets  of  molten  metal  Impacting  a cold  metal  surface  at  high 
speed  to  form  very  thin  splats  or  flakes.  While  Individual  splats  may  have  Intrinsic- 
ally high  and  Interesting  mechanical  properties  they  are  of  no  practical  value  unless  a 
multiplicity  of  splats  can  be  formed  into  useful  shapes  without  deterioration  of  their 
properties. 

RAPIDLY  SOLIDIFIED  POWDER  AND  SPLATS 

As  mentioned  above  conventional  metal  powders  made  by  gas  or  water  atomising  come 
within  the  regime  of  rapid  solidification  but  at  the  lower  end,  cooling  rates  being  gener- 
ally of  the  order  of  10^  Ks”l,  with  water  atomising  rates  slightly  higher  chan  gas 
atomising.  The  cooling  rates  depend  greatly  on  the  oartlcle  size,  smaller  particles  of 
the  order  of  50ym  cooling  much  more  raoidly  than  larger  ones  of  150-200um  size.  There 
seems  to  be  a limited  future  In  trying  to  Increase  cooling  rates  by  decreasing  powder 
particle  size.  While  It  is  true  that  small  particles  cool  far  more  rapidly  than  large 
ones  the  yield  of  very  fine  powder  tends  to  be  low  and  processing  difficulties  may  be 
Increased.  The  yield  of  very  fine  powder,  say  1-lOpm  In  size  produced  from  the  liquid 
Is  Increased  by  the  use  of  high  gas  pressures  and  gas/metal  ratios  and  by  the  use  of  the 
recently  developed  ultrasonic  atomising  procedure.  Such  fine  powders  have  the  advantage 
of  rapid  sintering  and  acquiring  full  density  more  easily  but  they  add  greatly  to  the  cost 
of  operations,  as  a consequence  of  difficulties  of  handling,  dusting,  surface  oxidation 
and  pyrophoricity.  As  a consequence  of  the  lower  cooling  rates  larger  sized  conventional 
powders  are  not  specially  Interesting  although  clearly  they  have  an  Important  role  In  more 
ordinary  P/M  processes. 

A different  approach  has  been  taken  by  Pratt  and  Whitney  who  are  atomising  to  reason- 
ably small  particle  sizes  (60um)  by  centrifugal  means  and  then  quenching  the  liquid  part- 
icles by  high  velocity  curtains  of  helium.  This  gives  cooling  rates  up  to  10®  Ks”^ 
and  enables  the  special  characteristics  of  rapid  solidification  to  be  retained.  The 
procedure  Is  detailed  In  another  paper  given  at  the  present  conference  and  no  further  com- 
ment will  be  made  here. 

Splat  powder  can  be  produced  by  directing  an  atomised  spray  onto  a rotating  water- 
cooled  copper  drum  from  which  the  splats  are  scraped.  The  splats  in  the  form  of  small 
flakes  each  possess  the  Intrinsic  benefits  of  rapid  solidification. 

The  main  problem  with  all  such  rap-ldly  solidified  powder  or  splat  particle  routes  Is 
that  the  powder  has  to  be  consolidated  and  fabricated  Into  a useful  product  without  detri- 
ment to  the  potentially  high  mechanical  properties  of  the  particles.  This  Is  not  an  easy 
objective  to  attain. 

The  use  of  conventional  powder  metallurgy  compacting  and  subsequent  sintering  proce- 
dures generally  causes  deterioration  of  the  properties  of  the  product  as  a consequence  of 
the  high  sintering  temperatures  required.  Such  high  temperatures  cause  reversion  to  the 
equilibrium  state  with  substantial  loss  of  the  enhanced  mechanical  properties  It  Is  hoped 
to  preserve.  Other  methods  of  consolidation  are  more  successful  because  of  the  lower 
temperatures  involved  and  the  shorter  times  required  to  attain  full  density.  Hot  Isosta- 
tic  pressing  of  the  canned  powder  or  splat  particles  can  be  used  with  some  measure  of 
success.  Extrusion  Is  the  most  effective  because  of  the  large  amount  of  working  and 
consolidation  achieved  at  relatively  low  temperatures  while  hot  rolling  or  hot  forging 
remain  other  possibilities. 

The  fact  remains,  however,  that  the  procedure  of  producing  powder  or  splat  particles 
followed  by  hot  consolidation  Is  an  expensive  affair.  It  Involves  the  h2mdllng  of  fine 
particles  and  the  inevitable  oxidation  of  the  surfaces  of  the  particles  prior  to 
consolidation.  Clearly  the  process  can  only  be  contemplated  where  the  additional  cost 
can  be  carried  by  the  product  and  where  the  small  ^unount  of  Incorporated  oxide  Is  not 
detrimental. 

THIN  METAL  TAPE  AND  WIRE  PRODUCED  BY  RAPID  SOLIDIFICATION 

There  Is  now  an  extensive  literature  on  methods  of  producing  thin  rapidly  solidified 
metal  tapes  and  an  even  more  extensive  one  on  the  properties  of  the  products,  particularly 
the  amorphous  materials.  It  Is  not  the  purpose  of  this  paper  to  review  progress  so  far, 
but  the  salient  features  and  special  difficulties  facing  the  procedures  will  be  outlined. 

All  the  methods  involve  allowing  a source  of  molten  metal  to  Impinge  on  a rapidly 
moving  cold  metal  surface.  The  high  soeed  of  the  metal  surface  drags  a thin  layer  of 
the  molten  metal  out  of  the  pool  formed  at  the  point  of  impingement  and  the  layer  rapidly 
freezes  to  form  a continuous,  or  seml-contlnuous , solid  metal  tane  which  can  be  separated 
from  the  surface.  Typical  processes  developed  by  Battelle  are  melt  spinning  (1)  and  melt 
extraction  (2)  each  of  which  can  be  carried  out  In  an  Inert  atmosphere  If  necessary.  The 
tape  Is  formed  rapidly  and  cooling  rates  are  commonly  between  10^  and  10®  Ks”l.  Limiting 
factors  are  product  thickness  and  width.  Tape  thickness  lies  between  25ii  and  lOOum,  and 
widths  are  generally  between  1 and  5mm.  Wider  tape  can  be  produced  by  the  use  of  multiple 
or  slot  nozzles  and  up  to  50mm  using  a special  melt  extraction  procedure.  The  tech- 
nique Is  simple  and  cheap  and  several  potential  uses  have  been  found  for  the  micro- 
crystalline  products  such  as  thin  aluminium  tape  for  radar  decoys  and  wire  reinforcing  for 
rubber  types  and  for  cement. 

A twin  roller  process  employing  high  speeds  of  operation  up  to  6000rpm  Is  currently 
being  used  at  several  centres  for  the  manufacture  of  tape  and  narrow  strip  (Fig.  1). 
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The  molten  metal  Is  fed  vertically  into  the  nip  of  twin  rollers  which  operate  like  a high 
speed  rolling  mill.  Wider  strip  can  be  produced  than  is  possible  with  the  processes  men- 
tioned 2U30ve  and  at  Swansea,  aluminium  alloy  strip  lOOpm  thickness  and  70mm  wide  has  been 
obtained.  It  has  been  shown  that  depending  on  the  process  variables  and  the  heat  transfer 
coefficient  at  the  Interface  between  the  rollers  and  the  molten  metal  the  equipment  can  be 
operated  in  three  modes  (i)  with  low  heat  transfer,  atomisation  of  the  metal  stream  occurs 
(3),  li.  with  fairly  high  heat  transfer  twin  tapes  can  be  produced  each  showing  one  chil- 
led surface  (next  to  the  roller)  and  one  "liquid"  surface  (at  the  centreline) . iii.  with 
high  heat  transfer  a single  tape  is  produced.  The  twin  roller  process  is  not  so  tolerant 
of  changes  in  process  variables  as  melt  spinning  or  melt  extraction  but  has  several  bene- 
fits including  the  possibility  of  operating  at  a higher  speed  for  a given  tape  thickness. 

One  problem  of  the  twin  roller  equipment  is  that  the  length  of  contact  of  the  tape  with 
the  roller  is  much  shorter  th2m  with  the  other  processes.  For  Instance,  experience  at 
Swansea  showed  that  an  alloy  steel  lOOwm  thickness  and  1cm  wide  Issued  from  the  twin  rol- 
ler equipment  at  900-1000OC  when  operating  at  3000rpm.  The  temperature  was  so  high  that 
many  of  the  benefits  of  rapid  solidification  were  annealed  out  of  the  strip.  A steel 
belt  system  operated  satisfactorily  as  shown  in  Fig.  2.  giving  issuing  temperature  of 
approximately  700°C  with  markedly  better  final  properties. 

Despite  all  the  interesting  structures  and  properties  that  can  be  realised  in  thin 
tape  and  wire  and  the  high  speed  with  which  it  can  be  manufactured,  the  processes  produc- 
ing tape  direct  from  molten  metal  all  suffer  from  the  same  constraint.  None  of  them  is 
capable  of  producing  thicker  strip  them  "'-ISOwm,  and  width  seems  to  be  limited,  although 
major  advances  in  this  area  are  reported  by  Allied  Chemicals  including  weaving  tape  into 
cloth. 

FORMING  BY  SPRAY  DEPOSITION 

Forming  metals  by  spray  deposition  can  be  divided  into  two  categories.  In  the  first 
category  metal  is  supplied  in  the  form  of  a wire  or  a powder  to  a fleune,  an  arc  or  a plasma. 
The  metal  is  melted  and  propelled  by  the  hot  gases  towards  the  surface  onto  which  it  is 
deposited.  The  second  category  consists  of  those  processes  in  which  molten  metal  from 
a melt  is  atomised  and  deposited  without  the  use  of  an  independent  heat  source. 

The  processes  in  the  first  category  are  of  considerable  age  and  are  well  known  in 
industry  especially  for  coating  other  metal.  Fleune  spraying  suffers  from  a major  disad- 
vantage of  causing  substantial  oxidation  of  the  deposit  - a disadvantage  shared  to  some 
extent  by  arc  spraying.  Plasma  spraying  has  the  edge  on  flame  spraying  in  the  sense 
that  deposition  can  readily  be  conducted  in  an  inert  or  reducing  atmosphere,  the  particle 
size  is  smaller  and  velocity  greater.  Even  so,  all  these  processes  suffer  from  the  dis- 
advantage of  relatively  low  throughput  and  the  need  for  the  material  to  be  supplied  in 
the  form  of  powder  or  wire.  For  the  purpose  of  this  paper  they  will  not  be  discussed 
further. 

The  general  principle  of  spraying  from  the  melt  is  that  the  metal  or  alloy  is  fed 
into  an  atomising  device  operating  in  an  inert  atmosphere  which  forms  and  directs  the 
spray  of  liquid  metal  particles  on  to  a cold  surface  or  mould.  The  liquid  particles 
flatten  as  they  impinge  on  the  surface  to  form  a multitude  of  small  splats  which  adhere 
tightly  to  the  surface  and  to  one  another  to  form  a substantial  deposit. 

Various  means  of  atomising  and  propelling  the  molten  metal  of  the  melt  have  been 
devised,  but  only  gas  atomising  and  centrifugal  atomising  have  yet  been  developed  to  the 
stage  where  large  plant  can  be  designed.  For  this  reason  the  present  paper  will  deal 
only  with  these  two  main  methods  and  their  adaption  for  spray  deposition. 

In  all  spray  forming  processes  from  the  melt  the  first  objective  is  to  atomise  the 
liquid  metal  into  small  liquid  particles  generally  having  a mean  diameter  between  lOO  and 
200)im.  The  liquid  particles  are  propelled  rapidly  towards  the  depositing  surface  either 
by  a high  speed  stream  of  gas  or  by  centrifugal  force.  As  the  particles  move  towards  the 
surface  they  become  spherical  in  form  and  they  also  cool  in  flight  by  radiation  and 
convection.  But  it  is  important  that  they  reach  the  surface  whilst  still  fully  liquid 
or  at  least  mostly  liquid.  The  liquid  particles  flatten  on  the  surface  to  form  adherent 
splats  which  deposit  on  one  another,  thus  building-up  a substantial  layer. 

In  practice  a wide  range  of  particle  sizes  is  produced  by  any  atomising  process  and 
generally  speaking  the  larger  particles  remain  hotter  longer,  and  arrive  at  the  deposit- 
ing surface  at  higher  speeds  than  the  smaller  ones.  For  this  reason  alone  particles 
tend  to  arrive  at  various  stages  of  their  thermal  history. 

Fully  liquid  particles  form  large  solats  which  cool  rapidly  at  speeds  from  10^  to  10® 
Ks~l  because  of  the  thinness  of  the  splat  and  the  excellent,  contact  with  the  cool  depositing 
surface.  In  these  circumstances  heat  flow  occurs  unl-dlrectlonally  perpendicular  to  the 
surface,  fine  columnar  crystals  are  formed  having  their  long  axes  in  the  direction  of  heat 
flow.  Typical  splats  are  10-20um  thick  and  5CX)-1000um  in  length.  The  width  of  the 

coltunnar  crystals  may  be  only  a few  microns.  Many  such  particles  will  be  undercooled  in 
flight,  l.e.  still  fully  liquid  although  their  temperature  may  be  below  the  llquldus. 

This  is  a general  phenomenon  with  small  rapidly  cooled  liquid  drops,  but  can  be  encouraged 
by  the  use  of  high  gas/metal  ratios  leading  to  finer  particle  size  and  even  more  rapid 
cooling  in  flight.  Such  under  cooled  particles  will  quench  even  more  rapidly  on  reaching 
the  depositing  surface. 

Particles  in  flight  which  cool  to  temperatures  between  the  liquidus  and  solidus  will 
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usually  nucleate  to  form  dendrites.  Provided  that  the  proportion  of  liquid  is  still  high, 
such  partially  solid  particles  will  also  splat  on  arrival.  However,  in  the  act  of  splat- 
ting  the  dendrites  will  be  fragmented  emd  distributed  throughout  the  splat.  The  fragmen- 
ted dendrites  will  then  act  as  independent  nuclei  and  on  cooling  an  equl-axed  structure 
will  be  evident  in  the  splat.  Very  small  atomised  particles  lose  heat  rapidly  in  flight 
partly  because  their  surface  area/volume  ratio  is  higher  and  partly  because  their  flight 
is  of  longer  duration.  Memy  such  particles  which  are  solid  on  arrival  will  not  splat 
wd  will  show  themselves  as  rounded  particles  burled  in  a mass  of  splats  when  a metallo- 
graphlc  cross  section  is  examined. 

Of  the  various  forms  of  spray  deposition  spray  casting  is  the  newest  and  the  least 
well  known.  The  spray  casting  of  billets  and  slabs  of  various  sections  is  now  being 
developed  at  several  centres.  It  shows  promise  because  segregation  free  castings  can  be 
produced  having  a very  fine  grain  size.  In  addition  there  is  freedom  from  coarse  inter- 
metallic  aggregates  commonly  found  in  conventional  ingot  and  billet  castings.  The  prob- 
lesis  are  oiainly  those  of  obtaining  sufficient  cooling  of  the  particles  by  gas  prior  to 
deposition  and  extracting  sufficient  heat  from  the  spray  cast  billets  or  slabs  to  enable 
econosdc  casting  rates  to  be  achieved. 

Hot  isostatlc  pressing  has  been  used  with  good  effect  on  spray  cast  products  especi- 
ally where  they  have  appreciable  porosity  in  the  "as  sprayed"  condition.  But  the  cost  of 
hot  isostatlc  pressing  is  high  and  more  attention  to  the  conditions  of  deposition  might 
have  an  equally  beneficial  effect  at  a fraction  of  the  cost. 

Integrity  of  Deposit 

The  integrity  of  a spray  deposit  is  most  easily  discussed  in  terms  of  deposition  on 
a flat  surface  or  substrate  or  one  which  has  a large  radius  of  curvature. 

An  importemt  feature  is  the  spray  density.  By  this  is  meant  the  weight  of  particles 
arriving  at  the  depositing  surface  per  unit  area  of  surface.  Clearly  spray  densities 
can  vary  enormously  according  to  the  metal  feed  rate  and  the  spray  distance  etc.. 

Moreover,  any  one  spray  varies  in  density  from  higher  density  near  the  centre  to  near 
zero  at  the  edge  of  the  spray  cone  although  this  is  of  less  significance  with  continuous 
operation.  Even  so  the  concept  of  spray  density  is  important  as  is  shown  below. 

A low  spray  density  will  allow  each  splat  to  solidify  completely  before  the  next 
droplet  arrives  at  the  same  place.  Consequently  the  new  substrate  l.e.  the  previous 
splat,  will  be  at  a relatively  low  temperature  so  that  the  following  droplet  will  splat 
on  the  earlier  one  in  lust  the  Scune  way  as  if  it  were  a cold  substrate.  Rapid  cooling 
will  take  place  cind  the  second  splat  will  crystallize  independently  of  the  first. 

If  there  is  no  oxygen  present  no  perceptible  oxide  films  will  form  on  the  top  of  the 
first  splat  but  the  splat  boundaries  will  subsequently  be  distinguishable  under  the 
microscope.  Small  voids  may  be  present  where  the  second  splat  has  failed  to  infill  at 
the  edges  of  the  first  and  this  will  be  repeated  with  subsequent  splats.  The  outcome 
is  that  a low  spray  density  will  tend  to  give  rapid  quenching  effects  throughout  the 
deposit  but  will  result  in  some  porosity.  A typical  porosity  for  a low  density  spray  is 
10%. 


High  density  sprays  produce  different  results.  Most  splats  arrive  before  the  pre- 
ceding (Mies  are  completely  solid.  This  enables  the  two  splats  to  accommodate  one  another 
geoBietrically.  Consequently  there  is  complete  filling  at  the  edges  of  preceding  splats 
leading  to  a very  low  porosity.  Typical  porosities  with  high  density  sprays  are  1%  or 
less.  A further  feature  of  high  density  sprays  is  that  the  rate  of  cooling  is  lower  and 
the  crystallization  of  a following  splat  is  linked  to  that  of  the  earlier  one.  The 
preceding  splat  can  nucleate  the  following  one  giving  rise  to  an  epitaxial  effect.  It 

is  then  very  difficult  to  distinguish  the  original  splat  boundaries  under  the  microscope 
(uid,  typically,  columnar  grains  may  grow  through  several  splat  boundaries.  Integrity 
is  high  but  the  c(x>llng  rate  is  lower. 


The  effect  of  spray  density  is  also  clearly  related  to  the  degree  of  substrate  cool- 
ing possible  in  any  system.  Thus  higher  spray  densities  can  be  tolerated  with  a high 
degree  of  substrate  cooling  than  would  otherwise  be  the  case.  In  all  cases  however  the 
principles  enunciated  in  the  previous  paragraph  apply. 

An  important  cause  of  porosity,  low  mechanical  properties  and  general  lower  integrity 
is  the  presence  of  oxide  in  the  deposits.  Molten  metal  supplied  to  the  atomiser  is 
usually  very  free  from  oxide.  Similarly  any  gas  used  can  generally  be  provided  at  very 
high  purity  at  relatively  low  cost.  The  difficulties  therefore  arise  because  of  leakage 
residuals,  and  entrained  or  adsorbed  oxygen  in  the  form  of  air  or  oxygen  containing  com- 
pounds such  as  water.  Although  all  commercially  used  metals  can  form  undesirable  oxides 
in  these  cir<nimstances  it  is  particularly  difficult  when  the  molten  metal  contains  alumin- 
ium, chromium  or  titMlum.  In  practice  therefore,  the  problems  related  to  oxygen  are 
very  important  for  most  commercial  applications. 


Inmedlately  after  atomising  the  liquid  metal  is  in  the  form  of  small  high  temperature 
particles  in  flight  having  a very  large  surface  area/volume  ratios.  Even  in  the  few 
milliseconds  of  flight  time  oxide  skins  form  on  the  surface  of  the  particles  if  the  atmos- 
phere contains  oxygen.  However,  the  skins  formed  in  flight  are  not  the  most  serious 
problem  because  during  splatting  on  the  substrate,  or  on  preceding  particles,  the  surface 
area  is  increased  on  average  approximately  10  times.  The  oxide  skins  burst  and  the  pure 
Mtal  tram  the  interior  flows  rapidly  over  the  substrate  and  freezes.  The  oxide  skins 
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formed  in  flight  are  incorporated  in  the  deposit,  but  in  itself  this  accounts  for  only  a 
small  part  of  the  loss  of  integrity. 

A more  important  factor  is  that  the  surfaces  of  those  solats  already  deposited  become 
oxidised  while  they  are  still  at  a relatively  high  temperature.  The  next  molten  oarticle 
to  arrive  is  then  presented  with  a thin  oxide  film  on  to  which  it  must  splat.  Generally 
speaking  the  contact  angles  that  metals  make  with  AI2O3,  Cr203  and  TIO2  are  high  and  con- 
stitute non-wetting  systems.  In  contrast  the  contact  angle  with  a non-oxidised  surface 
of  the  same  metal  is  very  low  and  constitutes  a wetting  system. 

The  presence  of  oxides  give  rise  to  surface  tension  effects  which  prevent  the  newly 
arrived  liquid  particles  infilling  the  crevices  and  interstices  of  the  solidified  splats 
on  to  which  they  are  deposited.  In  this  way  a porous  deposit  of  relatively  low  integrity 
having  poor  mechanical  properties  is  formed. 

Quite  small  amounts  of  oxygen  in  the  system  can  cause  the  above  effects.  It  should 
be  emphasised  however,  that  the  total  amount  of  metal  oxide  formed  may  also  be  very  small 
and  is  significant  merely  because  it  prevents  the  effective  welding  of  one  splat  to  the 
next  during  deposition.  If  the  deposit  is  subsequently  hot  worked  to  reduce  porosity 
and  disrupt  the  oxide  films  the  full  properties  of  the  metal  or  alloy  return.  Neverthe- 
less it  is  generally  beneficial  to  attain  the  highest  integrity  possible  in  the  deposit 
and  with  this  in  view  it  is  important  to  minimise  oxygen  in  the  deposition  cheunber. 

A further  matter  for  note  is  that  the  practical  difficulties  of  excluding  oxygen  are 
not  as  great  as  might  at  first  be  supposed.  Oxygen  derived  from  residual  air  and  adsorbed 
oxygen  compounds  are  rapidly  scavenged  at  the  commencement  of  atomising.  This  "cleaning- 
up”  effect  is  very  noticeable  in  a continuous  or  semi-continuous  spray  forming  process 
where  the  early  deposits  are  ivariable  more  porous  than  the  later  ones.  The  important 
feature  is  to  avoid  the  continuous  entry  of  entrained  air  or  adsorbed  oxygen  containing 
films. 

Subsequent  Treatment  of  Deposit 

The  top  surface  of  a spray  deposit  is  invariable  rippled  because  of  the  random  dis- 
tribution of  splats  in  the  last  layers.  To  produce  an  acceptable  product  it  is  there- 
fore essential  to  carry  out  some  subsequen.  treatment  such  as  rolling,  pressing,  forging 
or  machining. 

The  hot  rolling  or  forging  of  spray  deposits  is  a favoured  method  of  further 
treatment.  It  has  the  advantage  of  closing  any  residual  porosity  and  modifying  the 
internal  structure  as  well  as  giving  a more  acceptable  external  surface.  In  addition  it 
can  be  used  to  correct  shape  deficiencies  that  often  occur  during  deposition.  The  combin- 
ation of  spray  deposition  with  hot  rolling  or  forging  is  particularly  beneficial  and  can 
lead  to  the  generation  of  high  mechanical  properties.  Hot  rolling  has  the  additional 
advantage  that  it  can  be  operated  continuously  or  seml-continuously . It  can  therefore 
be  attached  conveniently  to  a continuous  spray  deposition  process  and  use  its  sensible 
heat. 


Cold  forming  immediately  following  deposition  is  equally  a possibility,  but  the  bene- 
ficial effects  on  porosity  and  structure  are  less  pronounced.  Its  most  signifiant  advan- 
tage is  its  ease  and  convenience. 


SPRAY  FORMING  PROCESSES 

Spray  Rolling 

This  was  the  first  of  the  spray  forming  processes  to  be  developed.  In  a paper  by 
the  author  (4)  the  principles  of  the  process  were  outlined  in  relation  to  inert  gas  atom- 
ising and  the  original  process  in  many  of  its  aspects  is  described  in  patents  (5). 

Several  developments  are  taking  place  in  industry,  but  as  the  results  of  such  work  are 
commercially  sensitive  there  is  a limit  to  the  detailed  technical  and  commercial  inform- 
ation that  is  divulged.  However,  the  imoortant  basic  information  is  freely  available 
and  indicates  the  scope,  benefits  and  drawbacks  of  spray  rolling. 

The  principle  of  spray  rolling  is  that  a stream  of  molten  metal  is  atomised  by  jets 
of  an  inert  gas  at  high  pressure.  The  resulting  spray  of  liquid  metal  particles  is 
directed  on  to  a moving  substrate  where  they  quickly  build  up  to  form  a strong  coherent 
layer  which  can  subsequently  be  peeled  off  as  a strip.  The  strip  is  hot  rolled  about  50% 
reduction  in  thickness  to  give  fully  dense  ductile  strip  which  has  similarities  to  conven- 
tional hot  band. 

Fig.  3.  shows  the  general  concept  for  producing  strip  continuously  using  a rotating 
wheel  as  a substrate.  Further  processing  can  then  be  carried  out  as  with  normal  materials. 

A wide  range  of  metals  and  alloys  has  been  made  in  this  way  Including  aluminium  and 
its  alloys,  copper  and  copper  base  alloys,  some  superplastic  zinc  base  alloys  and  various 
steels.  In  most  cases  high  purity  nitrogen  was  used  as  the  atomising  gas  although  argon 
has  also  been  used  for  certain  materials. 

A simpler  operation  in  Industry  involving  spray  deposition  and  rolling  in  separate 
operations  showed  the  possibility  of  producing  large  sheets  of  spray  deposited  materials. 
Fig.  4.  shows  the  general  arrangement  of  a multiple  nozzle  deposition  plant  and  Fig.  5. 
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-n  example  of  the  strip  produced  at  5nun  thickness. 


The  advantages  shown  by  spray  rolling  are  that  relatively  thin  strip  can  be  made  in 
one  operation  from  the  melt.  The  product  after  hot  rolling  is  of  fine  grain  size  and 
generally  shows  a much  finer  structure  in  terms  of  unadsorbed  or  insoluble  constituents. 
Segregation  is  zero  and  "nany  alloys  that  can  not  readily  be  fabricated  by  conventional 
means  are  relatively  easily  processed  by  spray-rolling.  Finally,  the  mechanical  proper- 
ties of  the  p’^oduct  produced  by  "normal"  spray  rolling  techniques  are  at  least  equal  and 
often  superior  to  conventional  materials. 


The  disadvantages  are  the  need  for  a low  oxygen  content  in  the  atmosphere  to  ensure 
that  the  top  surface  of  the  deposited  strip  is  free  from  porosity  so  avoiding  spill  on 
the  final  product.  It  is  necessary  to  control  internal  stress,  and  most  important  of  all, 
it  is  essential  to  produce  a deposit  which  shows  only  a small  variation  of  thickness 
across  the  width  of  the  strip.  The  latter  will  be  dealt  with  in  greater  detail  below. 


The  economy  of  the  process  for  the  manufacture  of  tonnage  materials  has  not  yet 
been  determined.  However,  the  cost  of  nitrogen  at  say  7C)OKNm-2  used  at  the  rate  of  0.4m^ 
Kg"l  is  not  prohibitive.  The  value  of  the  process  for  the  manufacture  of  certain  premium 
products  is  now  established. 


Scanning  £.jra’' 

The  most  serious  difficulty  encountered  in  spray  rolling  was  that  of  obtaining  uniform 
deposition  over  the  width  of  the  substrate.  Several  methods  were  investigated  including 
the  multiple  nozzle  arrangement  shown  in  Fig.  4.  Recipirocating  nozzles  or  substrates, 
swinging  nozzles  and  modification  of  the  spray  pattern  were  all  investigated  with  marginal 
success . 


The  most  successful  arrangement  finally  developed  turned  out  to  be  very  effective  yet 
simple  in  both  principle  and  operation.  It  consisted  of  deflecting  the  spray  of  metal 
particles  by  means  of  secondary  jets  of  inert  gas.  The  secondary  jets  were  supplied 
from  a rotary  valve  operating  at  approximately  SOOrpm  and  were  capable  of  swinging  the 
spray  of  particles  across  the  width  of  the  substrate  in  a scanning  fashion  without  using 
any  moving  parts  in  the  spray  chamber.  With  a scanning  rate  of  six  cycles  per  second, 
thickness  variations  of  less  than  5%  were  obtained.  Some  data  regarding  the  operation 
of  the  scanning  nozzle  has  been  published  (6) . 

Enhanced  Mechanical  Properties 

If  relatively  thin  deposits  are  used  or  if  care  is  taken  to  ensure  that  the  previous- 
ly deposited  layer  of  particles  has  reached  a temperature  below,  say,  0.6Tm  when  the  next 
layer  is  deposited  i.e.  using  a low  spray  density,  heavily  quenched  structures  may  be 
developed  in  some  alloys.  Such  alloys  may  show  greatly  extended  solid  solubility  in  the 
as-deposited  state  compared  with  conventionally  produced  structures.  If  such  structures 
can  be  preserved,  or  very  fine  precipitation  can  be  induced  by  careful  subsequent  hot  work- 
ing, then  enhanced  mechanical  properties  will  result. 


At  University  College  Swansea,  alloys  based  on  Al-4%Fe  have  been  produced  by  deposit- 
ing on  a rapidly  rotating  drum  so  that  each  layer  of  particles  was  chilled  before  the  next 
one  was  deposited.  Subsequent  hot  rolling  at  temperatures  above  350Oc  was  found  to  cause 
coarsening  of  the  precipitate  leading  to  relatively  ooor  mechanical  properties  whereas  hot 
rolling  in  the  range  3000c-350°c  enabled  high  mechanical  prooerties  to  be  retained  leading 
to  a doubling  of  strength. 

Some  interesting  experimental  results  were  recently  published  by  Latimer,  Read  and 
Reynolds  (7)  of  Alcan  International  Limited,  in  which  an  aluminium  base  alloy  containing 
iron  and  nickel  was  prepared  in  strip  form  using  a soray  rolling  technique  to  ensure  that 
rapid  quenching  took  place  which  is  now  known  to  have  used  a low  soray  density.  The 
meta-stable  phases  were  retained  by  careful  control  of  the  hot  rolling  required  to  consol- 
idate the  deposited  strip.  The  results  on  this  alloy  E are  shown  in  Fig.  6.  where  it  is 
compared  with  its  counterpart,  the  conventional  alloy  RR58  which  is  generally  regarded  as 
the  best  wrought  aluminium  alloy  as  regards  thermal  stability.  The  spray  rolled  alloy  E 
was  designed  to  have  stability  at  temperatures  such  as  might  be  encountered  in  supersonic 
aircraft  where  skin  heating  poses  a structural  problem.  A guide  to  the  thermal  stability 
of  such  alloys  is  given  by  the  deterioration  of  mechanical  properties  at  room  temperatures, 
after  being  exposed  for  a week  at  temperatures  up  to  300Oc.  Even  before  thermal  treatment 
the  spray  rolled  alloy  E showed  a 20%  advantage  over  RR58  yet  both  had  similar  elongations. 
After  one  week  at  200°C  alloy  E had  increased  in  strength  whereas  RR58  had  deteriorated. 
After  treatment  at  300°C,  the  difference  was  most  marked  with  alloy  E having  twice  the 
strength  of  RR58.  These  results  were  achieved  with  relatively  undeveloped  alloys  and  it 
seems  certain  that  many  other  aluminium  alloys  could  be  developed  which  would  show  positive 
advantages  conferred  by  the  rapid  quenching  procedure  possible  in  spray  rolling. 


More  recently  doubts  have  been  expressed  by  Alcan  about  the  impact  properties  of 
these  particular  high  strength  soray  rolled  aluminium  alloys.  It  seems  likely  that  the 
cause  was  the  low  Integrity  of  the  original  deposit  and  the  intrusion  of  oxygen  into  the 
equipment.  Inprovement  in  the  integrity  of  the  original  deposit  would  bring  about  a pro- 
nounced improvement  in  the  impact  properties.  Most  of  the  work  on  enhanced  mechanical 
properties  produced  by  spray  rolling  have  been  concerned  with  aluminium  alloys.  However 
the  same  principle  applies  to  many  other  metals  and  alloys  where  similar  benefits  are 
obtainable. 
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Spray  Forging 

The  procedure  in  spray  forging  is  first  to  make  a preform  by  atomising  molten  metal 
with  an  inert  gas  spray  depositing  into  an  open  mould.  The  deposit  fills  the  mould  repli- 
cating exactly  the  mould  surface.  The  operation  is  continued  until  the  mould  is  suffici- 
ently filled  when  the  atomisation  is  transferred  to  another  mould.  The  mould  cavity  is 
shaped  in  such  a way  that  the  preform  can  readily  be  separated  from  it  in  just  the  same 
way  as  with  a casting.  After  separation,  the  preform  is  reheated  to  the  forging  temper- 
ature, transferred  to  a press  and  forged  hot,  usually  in  a single  operation.  Spray  forg- 
ing is  being  carried  out  by  Osprey  Limited  and  information  regarding  the  process  has  been 
reported  in  the  literature  (8) . The  structure  and  mechanical  prooerties  of  several  alloys 
are  shown  to  be  at  least  equal  to  those  of  conventional  forgings  with  the  additional  advan- 
tage of  being  more  isotropic  and  having  a finer  structure. 

The  advantages  of  spray  forging  comoared  with  conventional  processing  may  be  summarised 
as:-  (i)  operating  directly  from  the  melt,  (ii)  a single  forging  operation  from  a sprayed 
preform,  (iii)  zero  segregation  and  a very  fine  structure  leading  to  good  ductility  and 
toughness. 

As  with  all  other  processes  there  are  inherent  disadvantages,  which  in  this  case  are 
mostly  of  an  operational  nature.  The  economy  of  the  process  depends  on  controlling  waste 
"overspray"  and  the  changing  of  moulds.  The  shaping  of  the  spray  to  suit  the  mould  is  not 
an  easy  operation  and  in  particular  the  shape  of  the  top  of  the  deposited  surface  is  not 
conducive  to  good  material  economy  or  minimum  flash. 

Centrifugal  Spray  Forming 

The  main  emphasis  up  to  this  point  has  been  on  gas  atomising  as  a preliminary  to  spray 
deposition.  The  alternative  method  of  centrifugal  atomising  is  equally  applicable  pro- 
vided the  product  can  be  matched  to  the  geometry  involved.  Experimental  work  on  the 
centrifugal  spray  forming  of  small  sheets  of  aluminium  and  its  alloys  has  been  reported 
in  the  literature  (9).  The  procedure  is  to  pour  molten  metal  onto  the  centre  of  a rapidly 
spinning  disc  or  dish  which  is  usually  lined  with  refractory  to  avoid  errosion  by  the 
melt.  The  liquid  metal  is  accellerated  rapidly  by  the  dish  and  flung  out  tangentially 
in  the  form  of  small  drops.  High  peripheral  speeds  of  say  30-50m.  sec”l  and  low  thermal 
conductivity  of  the  dish  lining  ensure  that  the  particles  remain  liquid  or  partially  liquid 
during  flight. 

With  the  dish  spinning  in  a horizontal  plane  it  is  surrounded  by  a substrate  in  the 
form  of  a large  diameter  tube  which  can  be  reciprocated  in  a vertical  direction.  The 
liquid  particles  have  an  almost  horizontal  trajectory  and  splat  on  the  substrate  surface 
provided  by  the  inner  wall  of  the  tube.  By  suitable  reciprocating  movements  ot  the 
substrate,  rings  or  tubular  spray  forms  can  be  produced.  By  slitting  large  diameter 
tubular  spray  forms  a considerable  sized  sheet  can  be  obtained  when  required. 

The  benefits  of  centrifugal  spray  forming  are  that  very  little  inert  gas  is  used. 

Only  sufficient  inert  gas  is  required  to  flush  and  fill  the  chamber  at  the  commencement. 
Because  of  the  scavenging  action  of  the  first  small  quantity  of  atomised  melt  and  the 
fact  that  effectively  the  equipment  can  be  sealed,  the  control  over  atmosphere,  and  there- 
fore over  porosity,  is  very  good.  In  addition  the  process  is  clearly  well  suited  to 
produce  large  rings  and  tubular  shapes  in  either  thin  or  thick  section. 

The  disadvantages  of  the  process  are  equally  clear.  It  is  only  suited  to  batch 
operation  and  is  not  applicable  to  products  required  in  continuous  form.  Geometrical 
considerations  are  also  important.  Clearly  axisymetric  shapes  are  readily  made  provided 
they  have  an  annular  arrangement.  Circular  products  having  an  external  diameter  up  to 
2m  are  feasible  and  sheet  having  a long  dimension  up  to  6m  can  therefore  be  produced. 

However,  for  many  products  the  geometry  is  a bar  to  utilisation. 

The  structure  of  products  made  by  centrifugal  soray  forming  is  very  similar  to  those 
produced  by  inert  gas  atomising  and  spray  forming.  Fig.  7 shows  the  typical  splat  struc- 
ture in  which  particles  having  an  average  diameter  of  approximately  200um  have  formed  para- 
llel layers  of  splats  in  the  presence  of  small  quantities  of  oxygen  which  helps  to  define 
the  splat  boundaries.  In  the  absence  of  oxygen  in  the  form  of  air  or  oxygen  containing 
compounds,  porosity  is  very  low  and  mechanical  properties  are  high.  An  example  of  a 
centrifugally  soray  cast  oroduct  (10)  is  a short  460m  diameter  tube  of  6mm  wall  thickness 
Nlmonic  80A  which  in  the  "as  spray  cast"  condition  showed  a U.T.S.  of  800MNm“2  with  28* 
elongation.  The  tubes  have  a high  integrity  with  fine  grains  growing  through  the  original 
splat  boundaries  which  are  themselves  extremely  difficult  to  distinguish  metallographlcally. 

CONCLUSIONS 

i.  Amongst  the  many  rapid  solidification  processes  soray  forming  has  the  greatest 
potential  in  terms  of  industrial  application  because  of  its  versatility  and  relatively 
low  cost. 

ii.  It  is  possible  to  obtain  cooling  rates  between  10^  and  10®  Ks“^  using  spray  deposition 
techniques.  This  enables  many  of  the  benefits  of  rapid  solidification  to  be  incorp- 
orated in  spray  formed  products. 

iii.  In  addition  to  enhanced  mechanical  properties  spray  forming  can  give  very  fine  grain 
sizes,  freedom  from  massive  intermetallics , ease  of  fabrication  of  otherwise  difficult 
materials  and  zero  segregation. 

iv.  Four  processes  are  being  developed  involving  spray  forming.  These  are  spray  rolling, 
centrifugal  spray  forming,  spray  forging  and  spray  casting.  Each  process  has  its 
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benefits,  problems  and  limitations  and  has  therefore  to  be  selected  carefully  with 
these  factors  in  mind. 

REFERENCES 

1.  R.B.  Pond,  U.S.  Patent  (1958)  No.  2825108. 

2.  R.E.  Maringer,  C.E.  Mobley  and  E.W.  Collings,  Proc.  2nd  Int.  Conf.  on  Rapidly 
Quenched  Metals,  M.I.T.  press,  p.29. 

3.  A. R.E.  Singer  and  R.K.  Dube,  Modern  Developments  in  Powder  Metallurgy,  1977,  9,  127. 

4.  A. R.E.  Singer,  Metals  and  Materials,  1970,  i,  246. 

5.  A. R.E.  Singer,  British  Patent  (1972)  No.  1262471. 

6.  A. R.E.  Singer,  British  Patent  (1976)  No.  1455862. 

7.  K.G.  Latimer,  P.J.  Read  and  T.D.W.  Reynolds,  Inst,  of  Metals  Conf  on  Modern  Metallurgy, 
Sept.  1973,  Oxford,  England. 

8.  W.C.  Keung,  T.A.  Dean,  R.  Davies  and  A.G.  Leatham,  Proceedings  of  18th  International 
Machine  Tool  Design  and  Research  Conference,  Sept.  1977. 

9.  A. R.E.  Singer  and  S.E.  Kisakurek,  Metals  Technology,  1976,  12,  565. 

10.  A. R.E.  Singer,  British  Patent  (1978)  No.  1517283. 


j 

I 


FIG.  3. 


FIG.  5. 


FIG.  7. 


Spray  Deposited  Strip 
2.4m  X 500mm  x 5mm 


Cross-section  of 
Centrlfugally  Deposited 
Strip  X 200 


m 


JtL 


^ - tnarc 


Equipment  for  Spray 
Rolling  with  a Rotating 
Substrate 


FIG.  4.  Schematic  Di. 

Multi-nozzle 

Deposition 


Spray  Rolled 
Aluminium  A1 
Temperatures 


D-1 


I ; 

I : 

) : 


DISCUSSION  SUMMARY 

Session  I — Research  and  Production  Aspects  of  Machining  Processes  — by  Dr  Ing.  B.Hirsch 

VFW-Fokker  GmbH,  Germany 


The  German  work  on  “Applied  Research  in  Machinability  of  Titanium  and  its  Alloys"  compared  steel  machining 
to  titanium  machining  where  50%  of  heat  generated  goes  into  the  tool  for  steel  while  80%  of  the  heat  for  titanium  goes 
into  the  tool.  Therefore,  HSS  with  high  tungsten  and  cobalt  contents  and  carbides,  grade  K20  (C2),  shall  be  used  as 
cutting  materials.  Tool  failures  are  caused  by  very  high  alternating  thermal  and  mechanical  stresses,  i.e.,  fatigue  using 
carbide  tools.  Synthetic  and  high  EP-containing  cutting  fluids  are  most  suitable  to  improve  tool  life.  Considerable 
additional  gains  are  achieved  by  increasing  the  flow  rates  up  to  total  flooding.  In  drilling,  internal  cooling  gives  best  tool 
life. 


Belgian  work  on  “Residual  Stress  in  Grinding”  concludes  that  thermal  expansion  is  a main  cause  for  residual  stresses. 
The  thermal  characteristics  and  yield  stress  of  a material  are  major  factors.  A low  yield  stress  at  elevated  temperature  can 
produce  high  residual  stress,  consequently  all  factors  producing  a decrease  of  surface  temperature  will  be  beneflcial. 

These  factors  include  cooling,  grinding  conditions  and  the  thermal  and  mechanical  properties  of  the  material. 

The  French  work  on  “Experience  d’Utilisation  de  la  Commande  Adaptive  en  Fraisage”  was  concerned  with 
modeling  end  milling  operations  and  the  use  of  adaptive  controls.  The  French  effort  substantiates  our  flnds  of  increased 
tool  life  productivity  achieved  through  the  use  of  a Macotech  adaptive  control.  The  control  of  cutting  forces  is  the  main 
feature  of  the  French  system.  The  knowledge  obtained  thus  far  must  be  extended  from  current  models  of  the  end 
milling  operation  by  enlarging  adaptive  control  models. 

The  USA  work  on  an  “Automated  Fixture  Hole  Drilling”  production  process  was  well  received  since  the  process 
can  substantially  reduce  costs.  Automated  fixture  drilling  can  provide  benefits  like: 

(1)  50-60%  reduction  in  production  labor 

(2)  Improved  hole  quality 

(3)  Elimination  of  costly  templates 

(4)  Predictable  and  consistent  flow  rates 

(5)  Less  dependence  on  operator  skill. 

As  a number  of  the  holes  required  exceeds  about  250,000  the  automated  system  has  a decided  advantage. 


Session  II  — Surface  Treatments  and  Processes  - by  Mr  A.R.G.Brown,  ADR  Mat  2 
Directorate  of  Materials.  MOD  (PE),  United  Kingdom 
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The  work  discussed  in  this  session  falls  into  two  groups.  The  first  consisted  of  two  programmes  dealing  with 
corrosion  resistance  of  titanium  and/or  steel  components  coated  with  aluminum  using  various  processes.  The  second 
consisted  of  three  programmes  dealing  with  processes  for  laying  down  coatings  of  various  types  or  modifying  the  surface 
properties  of  materials  to  give  desired  performance. 

Dealing  with  the  work  on  aluminum  coating  first,  it  was  clear  that  there  is  considerable  interest  in  the  development 
of  coatings  that  can  be  used  to  replace  the  cadmium  plating  extensively  used  in  the  aerospace  field.  There  is  wide  agree- 
ment about  the  drawbacks  of  cadmium  plating  which  can  be  summarized  as: 

• Hydrogen  embrittlement  problems. 

• Corrosion  in  aluminum  alloy  plate. 

• Solid  metal  embrittlement  of  Ti,  and  to  a lesser  extent  high  strength  steels. 

• Reduction  of  fatigue  life  by  cadmium  plating. 

• Ecological  problems 

It  is  probably  true  to  say  that  of  these  the  solid  metal  embrittlement  and  the  ecological  problems  are  the  major  project 
driven. 

In  the  search  for  a substitute  for  Cd  there  is  also  a large  measure  of  agreement  that  the  practical  alternatives  are  very 
limited,  and  can,  in  fact  be  reduced  to  two  — zinc  and  aluminum.  Of  these  zinc  is  by  far  the  more  easy  to  apply  and  its 


D-2 


properties  as  far  as  the  protection  of  components  is  concerned  are  undoubtedly  very  good.  However,  the  work  reported 
from  the  RAE  does  show  that  with  zinc  plated  fasteners,  although  the  initial  protection  of  the  fasteners  is  excellent  once 
it  breaks  down  the  corrosion  of  the  base  material  into  which  the  fasteners  is  inserted  can  be  accelerated  due  to  some 
electro-chemical  effects  which  have  not  been  fully  elucidated. 

The  ion  vapor  deposited  coating  developed  by  the  McDonnell  Aircraft  Company  is  clearly  very  advanced  and  now  a 
practical  production  process.  The  method  has  been  developed  to  cover  both  large  components  and  fasteners  and  is 
capable  of  putting  down  coatings  from  8 micrometers  thick  for  applications  in  which  close  tolerances  are  required,  to  25 
micrometers  thick  for  cases  where  maximum  corrosion  resistance  is  required.  However,  all  of  these  coatings  require 
chromate  treatments  before  they  can  be  used.  This  is  partly  to  improve  the  surface  condition  for  paint  adhesion,  but  the 
indications  are  that  without  such  chromate  treatments  the  aluminum  coatings  are  not  really  satisfactory  from  the 
corrosion  protection  point  of  view. 

In  the  work  from  the  RAE  - a number  of  aluminum  coatings  were  compared  for  their  effectiveness  in  protecting 
fasteners  and  in  preventing  intergranular  corrosion  in  the  countersink  of  the  blocks  into  which  they  were  fitted.  Without 
going  through  the  results  in  detail  it  would  appear  that  aluminum  plating  is  an  effective  protection,  while  the  coatings 
consisting  of  aluminum  powder  or  flakes  in  an  inorganic  binder  are  much  less  so. 

A point  clearly  raised  by  these  two  efforts  is  the  validity  of  the  accelerated  corrosion  test  work.  The  American  work 
relies  on  a SO^  - salt  spray  test,  the  RAE  used  a continuous  neutral  salt  fog  test  for  fasteners,  the  so-called  dry  salt 
humidity  test  for  fasteners  assembled  in  an  aluminum  alloy  test  block  and  natural  exposure  to  a marine  environment. 

The  latter  is  regarded  as  the  most  reliable  indicator  with  the  dry  salt  humidity  test  showing  best  correlation  with  natural 
exposure  results.  Work  has  also  been  undertaken  on  using  electro-chemical  measurements  (corrosion  current  measure- 
ments with  a zero  resistance  ammeter)  to  indicate  the  ranking  of  various  treatments  as  far  as  protection  is  concerned.  It 
would  appear  that  there  is  a real  task  to  compare  various  methods  of  accelerated  tests  with  behaviour  in  service  conditions 
and  this  could  well  form  the  basis  of  a combined  program  of  work. 

The  major  discrepancy  between  the  two  efforts  is  probably  the  assertion  by  McDonnell  that  IVD  plating  with  up  to 
25  micrometers  of  aluminum  does  not  affect  the  fatigue  behavior  of  fasteners,  whereas  the  RAE  report  quotes  substantial 
reductions  in  fatigue  endurance  for  both  steel  and  titanium  bolts  plated  with  cadmium,  zinc  or  aluminum.  This  is  a 
feature  which  should  receive  further  attention  in  view  of  the  interest  expressed  from  the  floor. 

The  AERE  Harwell  work  on  sputter  ion  plating  and  ion  implantation  outlined  two  new  processes  for  modifying 
surfaces.  Both  have  been  the  subject  of  extensive  experimental  investigation  though  neither  has  gone  into  full  scale 
production.  Much  interest  was  shown  in  the  processes,  and  an  assessment  of  their  economic  viability  when  applied  to  real 
components  is  clearly  desirable.  The  applications  for  which  these  processes  have  been  used  have  been  largely  outside  the 
aircraft  structural  field,  but  in  view  of  the  obvious  ease  of  application  of  the  sputter  ion  plating  technique,  the  feasibility 
of  using  this  process  for  production  of  high  quality  aluminum  coatings  should  be  studied.  Negotiations  for  such  work  are 
believed  presently  to  be  in  hand.  Ion  implantation  may  well  have  applications  in  specialized  areas,  but  the  nature  of  the 
process,  entailing  very  high  voltage  applications  in  hard  vacuum  conditions  suggests  that  this  will  never  be  a widely 
applied  commercial  process,  though  it  could  well  have  application  in  specific  areas. 


The  Canadian  work  from  Sherrit  Gordon  represents  an  elegant  piece  of  scientific  work  originating  from  detailed 
observation  of  the  structure  of  commercial  products.  The  observations  suggested  a method  for  improvement  of  the  wear 
characteristics  of  some  carbide  (nickel  or  cobalt  matrix)  alloys  and  the  research  reported  shows  great  ingenuity  in  both 
varying  production  conditions  as  desired  and  carrying  out  the  sophisticated  analyses  required.  It  is  unfortunate  that  the 
results  of  the  work  do  not  indicate  any  very  clear  way  forward  in  the  development  of  wear  resistant  coatings  although 
some  interesting  compositions  were  developed.  However,  wear  remains  a great  problem,  especially  wear  at  elevated 
temperatures,  and  it  is  unfortunate  that  no  measurements  of  wear  at  elevated  temperatures  were  made.  A possible  general 
subject  for  consideration  would  be  the  problem  of  wear  and  whether  it  would  be  useful  to  conduct  a more  detailed  review 
of  wear  processes  and  other  means  of  producing  wear  resistant  coatings  by  other  methods  such  as  “dirty”  plating  in  an 
electroplating  process  for  incorporating  hard  metal  particles  in  a nickel  or  cobalt  alloy  matrix  as  has  been  developed  in 
the  UK. 

The  laser  beam  processing  of  metal  surfaces  is  a topic  which  is  of  great  interest  to  a very  great  number  of  people  in 
all  of  the  countries  represented.  In  view  of  the  great  variety  of  treatments  that  can  be  applied  to  metals  using  the  laser, 
ranging  from  cutting  to  welding,  so-called  “laser  glazing”,  and  the  development  of  surface  alloying,  a full  session  could 
be  devoted  to  a discussion  of  these  processes  and  the  properties  which  can  be  developed  in  metals.  Experience  in  the  UK 
supports  Professor  forto  in  his  findings  that  control  of  the  process  is  not  as  simple  as  appears  at  first  sight.  The  sugges- 
tion by  Prof.  Storager  that  there  could  be  significant  differences  between  the  behavior  of  wetting  and  non-wetting  suiface 
coatings  on  laser  treatment  deserves  to  be  followed  up. 

Gearly  the  treatment  of  surfaces  and  their  behavior  and  deterioration  under  service  conditions  does  create  consider- 
able interest.  The  selection  of  specific  topics  for  discussion  is,  however,  difficult  though  suitable  topics  for  detailed  dis- 
cussion could  include: 


( I ) Standardization  of  accelerated  corrosion  tests  and  their  correlation  with  service  behavior. 


(2)  Detailed  study  of  wear  processes  and  the  production  of  wear  resistant  coatings. 

(3)  Laser  processing  of  materials. 
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Session  ill  - Fundamental  Aspects  of  Net  Shape  Processing  - by  Mr  J.P.A.Immarigeon. 
National  Aeronautical  Establishment,  National  Research  Council  of  Canada 


In  the  third  session  of  the  meeting,  five  papers  were  presented  dealing  with  quite  different  aspects  of  net  shape 
processing.  First,  Professor  Rowe  described  the  modem  analytical  techniques  that  can  be  used  to  model  deformation 
processes.  It  can  be  seen  how  these  techniques  might  be  used  in  the  future,  for  example,  in  specifying  the  shape  of 
forging  preforms  prepared  by  powder  processing,  and  also  die  shapes,  such  that  the  forging  will  receive  the  appropriate 
amounts  of  strain  and  strain  rate  in  order  to  develop  the  optimum  grain  structures  in  specific  locations  of  the  finished 
product. 

Prof.  Rowe  explained  that  slip  line  field  theory  had  reached  its  limit  of  usefulness,  but  suggested  that  finite  element 
techniques  might  offer  further  opportunities  to  introduce  more  realistic  material  properties  to  develop  more  accurate 
predictions.  In  particular,  it  should  be  realized  that  microstructures  change  dynamically  during  a working  operation  and 
therefore  properties  also  change  continuously  at  any  point.  It  is  hoped  that  these  facts  could  be  accommodated 
analytically. 

Clearly  there  is  great  interest  in  producing  parts  with  minimum  of  effort  and  minimum  material  wastage  and  these 
methods  should  be  developed  to  allow  these  objectives  to  be  achieved  in  a rational  way,  thus  avoiding  the  waste  of 
effort  and  material  involved  in  empirical  solutions. 

In  his  work,  Mr  Boudillon  examined  superplastic  forming  of  the  titanium-base  alloy  Ti  6-4,  from  fundamental  consi- 
derations to  practical  applications.  The  purpose  of  this  work  was  to  examine  the  applicability  of  isothermal  forming 
operations  to  welded  plates  of  the  alloy. 

In  this  material,  the  hot-worked  and  annealed  a~P  micro-structure  is  expected  to  exhibit  superplasticity.  In  his 
work,  Mr  Boudillon  examined  the  potential  for  superplastic  forming  of  forged  material  which  has  been  solution  treated, 
quenched  and  annealed.  It  was  also  demonstrated  that  the  heat  affected  zones  in  welded  Ti  6-4  plates  exhibit  sufficient 
ductility  to  allow  superplastic  pressure  molding.  This  processing  opportunity  was  shown  to  be  limited  however,  by  the 
need  for  subsequent  conventional  finish  machining  in  order  to  meet  the  close  dimensional  tolerances  required  in  aero- 
space applications.  With  regard  to  this  material,  it  was  claimed  that  superplastic  forming  is  more  cost  effective  than  other 
candidate  forming  operations. 

Pratt  & Whitney  Aircraft  of  Florida  described  their  Rapid  Solidification  Rate  process,  and  its  application  to  super- 
alloy powders.  Clearly  the  process  is  quite  new  and  had  not  been  fully  evaluated.  Questions  arise  whether  the  finest 
particle  sizes  produced  might  not  be  more  easily  produced  by  techniques  such  as  splat  quenching,  and  whether  the 
textures  produced  in  zone  annealed  products  of  these  powders  are  acceptable  for  all  applications. 

Several  of  the  audience  felt  that  <100>  textures  would  ne  desirable,  but  <1 1 1>  appears  to  be  the  dominant  zone 
annealed  recrystallization  texture.  Nevertheless  the  speaker  felt  that  these  afforded  certain  advantages  in  terms  of  vibra- 
tory considerations.  These  points  obviously  require  further  attention. 

Also,  while  some  advantages  may  be  offered  in  terms  of  homogeneity  and  higher  incipient  melting  points,  the 
conventional  limits  to  alloying,  imposed  by  precipitation  of  embrittling  intermetallic  compounds,  such  as  sigma,  during 
consolidation  or  service  at  high  temperatures,  may  still  exist. 

And  finally,  the  powder  processing  equipment  involved  is  expensive,  and  in  order  to  minimize  running  costs,  it 
would  be  desirable  to  recycle  the  inert  gas  used. 

The  work  discussed  by  Canadian  Westinghouse  showed  how  properties  in  investment  cast  parts  could  be  improved 
by  hot  isostatic  processing.  The  work  showed  that  while  HIP  is  beneficial  in  closing  porosity,  it  cannot  be  considered  a 
remedy  for  all  ills.  Parts  containing  gross  defects  will  involve  dimensional  changes  which  may  be  unacceptable,  and  in  the 
sample  shown,  a nickel-base  superalloy,  the  void  closure  left  pockets  of  material  having  a microstructure  atypical  of  the 
rest  of  the  material.  Most  important,  the  work  showed  that  simple  elimination  of  porosity  is  not  a guarantee  of  improved 
properties,  but  that  specific  thermal  cycles  are  needed  to  counteract  deleterious  side  effects  of  HIP.  These  may  not  be 
the  same  for  each  alloy  and  therefore  they  will  have  to  be  established  to  match  the  particular  material  and  the  intended 
service  application  of  the  part.  And  possibly  a far  wider  range  of  materials  might  be  processed  in  this  way  to  good 
advantage. 

The  above  process  might  be  considered  a useful  by-product  of  a technology  originally  developed  for  powder 
processing.  There  are  many  other  applications  of  HIP  such  as  the  closure  of  creep  or  fatigue  induced  voids  or  internal 
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cracks,  and  the  regeneration  of  properties  in  used  parts.  Possibly  even  surface  initiated  cracks,  such  as  fatigue  cracks 
might  be  closed  if  suitable  sealants  can  be  found  which  could  be  applied  and  removed  at  reasonable  cost.  HIP  processing 
might  also  play  an  important  role  in  the  development  of  ceramic  materials,  as  suggested  later  by  Professor  Gugel,  and 
possibly  also  in  the  development  of  artificial  composite  materials. 

Finally,  it  should  be  realized  that  all  of  these  processes  involve  high  capital  cost,  and  additional  cost  on  the  price  of 
a finished  part,  and  obviously  these  have  to  be  examined  very  carefully. 

Finally,  Dr  Bunk  provided  a highly  comprehensive  overview  of  Professor  Gugel’s  work  on  non-oxide  ceramics. 
Candidate  materials  and  the  most  suitable  fabrication  processes  were  described  in  as  far  as  opportunities  for  continued 
progress  in  high  temperature  engineering  are  concerned. 

It  was  made  clear,  however,  that  before  these  advanced  materials  make  their  way  into  aerospace  applications,  the 
designers  of  power  plants  will  need  to  modify  their  design  criteria  in  order  to  accommodate  the  inherently  brittle  charac- 
teristics of  these  materials.  In  particular,  thermal  shock  resistance  and  damage  containment  may  need  to  take  precedence 
over  traditional  criteria  possibly  even  at  the  expense  of  aerodynamic  efficiency. 

Of  the  fabrication  processes  discussed  for  ceramics,  HIP  appears  to  have  the  most  promising  potential.  However,  at 
the  moment,  the  temperature  capabiltiies  of  state-of-the-art  autoclaves  are  rather  limited.  Higher  temperature  systems 
may  have  to  be  developed  or  alternatively,  means  found  to  promote  densification  and  bonding  at  lower  temperatures. 
Also,  the  canning  technology  for  ceramic  materials  will  need  to  be  developed  further. 


Session  IV  - Production  Aspects  of  Net  Shape  Processing  — by  Mr  E.J.Dulis,  Colt  Industries, 
Crucible  Materials  Research  Center,  USA 


Two  excellent  efforts  on  superplastic  forming  and  diffusion  bonding  of  titanium  alloy  sheet  were  presented. 
G.Stacher  described  the  work  at  Rockwell  International  (RI)  on  making  titanium  alloy  B-1  bomber  parts  by  superplastic 
forming  plus  diffusion  bonding.  It  involved  different  types  of  structures  - straight  SPF  and  SPF/DB.  Examples  of 
impressive  complex  production  parts  were  shown  and  described.  Mr  Stacher  gave  information  on  the  final  component 
cost  and  weight  savings  involved  in  applying  the  process  - these  were  of  the  order  of  40  to  50%  cost  saving  and  50% 
weight  saving. 


Mr  Rosser  described  the  work  on  SPF  and  DB  of  titanium  alloy  components  for  the  Concorde  and  other  parts. 

Impressive  examples  of  complex  Ti  alloy  parts  were  shown. 

Basically  both  efforts  showed  close  agreement  on  the  applicability  and  cost  and  weight  savings.  Some  questions 
were  raised  on  the  applicability  of  SPF  and  DB  that  were  pertinent,  including  how  to  avoid  bonding  of  titanium  to  the 
metal  die  container.  Mr  Stacher  explained  that  Yttria  (YOj)  is  coated  on  the  die  prior  to  heating  and  SPF.  Mr  Rosser 
indicated  that  B.A.  has  proprietary  coatings  used  before  each  forming.  On  NDT  of  DB  joints,  Mr  Rosser  explained  that 
B.A.  uses  C-scan  ultrasonic  inspection. 

The  applicability  of  SPF  and  DB  to  other  alloys  was  discussed.  Work  on  aluminum  alloys  is  being  pursued  as  well 
as  steel.  However  there  exists  some  question  on  cost  effectiveness  in  these  materials.  I 

Dr  Stephan  described  the  production  of  high-purity  metal  powder  by  EB  techniques.  The  L.H.  process  was  covered 
in  detail.  In  addition,  an  overview  of  the  current  different  processes  to  make  high  purity  powder  of  superalloy  and  I 

titanium  alloys  was  presented.  The  capacity  of  the  different  types  of  available  facilities  showed  substantial  capacity  for  , 

superalloy  powder.  The  capacity  for  good  titanium  alloy  powder  is  lacking.  Problems  with  the  various  titanium  powder  j 

processes  were  reviewed  such  as  tungsten  inclusions  from  the  REP  powder.  * 


Session  V - Panel  Discussion  of  Highlighted  Areas  and  Future  Directions  for  AGARD  Advanced 
Fabrication  Activities  - by  Henry  A. Johnson,  Air  Force  Materials  Laboratory,  USA 

The  panel  session  opened  with  a short  summary  of  the  previous  Sessions  I through  IV  on  Advanced  Fabrication 
Processes.  The  panel  session  chairman  reviewed  the  following  suggested  topics  for  future  activities,  and  each  major 
topical  area  was  discussed  as  shown  in  the  outline  below: 


Suggested  Topics 

Advanced  Fabrication  Processes 
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I Surface  Treatment  and  Protection 

• IVD/CVD 

• Sputtering 

• EB 

• Plasma 

• Electroplate 

• Flame 

• Ion 

II  Advanced  Casting  Technology 

• Aluminum 

• Titanium 

• Steel 

• Supperalloy 


• High  Temperature/Thermal  Barrier 

• Oxidation 

• Erosion 

• Corrosion 

• Wear/Tribology 

• Test/Standards 

• Fatigue  Enhancement 


Advanded  Melting  Methods 
Rheo  Casting 
Squeeze  Casting 
Die  Casting 
Lost  Wax  Forming 
HIP  Densification 


III  Laser  Metalworking 

• Machining 

• Drilling 

• Cutting 

• Coating 

• Welding 

• Heat  Treatment 

IV  Advanced  Machining  Processes 

• High  Speed  Machining 

• Advanced  Cutting  Tools 

• New  Lubricants/Coolants 

• Controls/Automation 

• Modeling 

V Joining  Processes 

• Laser 

• Diffusion 

• Electron  Beam 

• Inertia  Welding 

• Plasma 

• TIG/MIG 

• Brazing 

VI  Advanced  Powder  Processing 

• Alloys/Powder  Production 

• Alloy  Behavior 

• Consolidation 

- HIP  (Hot  Isostatic  Pressing) 

- VHP  (Vacuum  Hot  Pressing) 

• Properties/Defects 

VII  High  Temperature  Processing 

• Isothermal  Forging/Forming,  Rolling 

• Superplastic  Forming 

• Diffusion  Bonding 

• HIP  - Thermal  Spray 

VIII  Non-Destructive  Evaluation 


• Ultrasonics 

• Acoustic  Emission 


• X-Ray 

• Metrology 

• Neutron  Radiography 

• Fluorescent  Penetrant 

• Automation 

IX  Energy  Related  Processes 

• Explosive 

• Laser 

• Plasma 

• Electro  Magnetic 

• High  Pressure 

X Energy  Conservation  in  Manufacturing 

• Heat  Conservation 

• Thermal  Recycling 

XI  Repair  Process 

• Cleaning 

• Weld  Repair 

• Coating 

• Surface  Buildup 

XII  Heat  Treatment 

• Thermo  Mechanical  Treatment 

Comment  was  made  that  the  area  of  “Surface  Treatment”  has  many  ramifications,  including  pollution  problems  from 
cadmium  plating  as  well  as  various  new  methods  of  deposition  such  as  ion  implantation  and  ion  sputtering,  etc.  From 
these  many  methods  a cooperative  test  program  might  be  a possibility  to  compare  qualities  of  the  different  proprietary 
coating  methods  for  surface  protection. 

A comment  was  also  received  on  the  fact  that  there  is  very  little  evidence  of  detailed  work  on  the  microstructure, 
particularly  at  the  fine  grain  size  amorphous  interfaces.  This  area  would  be  of  prime  importance  in  developing  the  effect 
of  long  term  exposure  of  basically  meta-stable  surfaces. 

Another  area  of  common  interest  is  the  effect  of  electric  field  on  fine  particle  displacement.  There  is  work  in  this 
area  in  the  USA  and  some  effort  in  the  UK  on  electric  field  acceleration  fine  particle  production. 

The  area  of  “Advanced  Casting  Technology”  received  favorable  comment  and  it  was  suggested  that  this  area  is  of 
real  concern  to  AGARD  and  should  be  given  priority  as  a topic  of  consideration.  It  was  stated  that  Italy  is  interested  in 
new  casting  processes  such  as  rheo  casting  for  composites  with  metallic  matrix  formation. 

“Laser  Metalworking”  was  discussed  and  during  the  discussion  it  was  pointed  out  that  laser  metalworking  should 
be  considered  as  laser  “assisted”  metalworking.  There  was  Italian  interest,  especially  in  high  power  lasers  since  there  are 
many  low  power  applications  and  high  power  ( 1 0 KW  or  more)  lasers  are  still  experimental. 

Machining  as  a topic  was  of  interest  to  Italy,  particularly  in  the  areas  of: 

• automation 

• flexible  automation 

• material  handling  and  delivery  of  stock  at  the  right  moment. 

Another  comment  made,  however,  pointed  out  that  there  were  already  sufficient  activities  in  Europe  on  machining 
which  would  tend  to  make  an  additional  AGARD  activity  redundant. 

The  topic  of  “joining”  was  reviewed  and  EB  welding  second  order  problems  was  surfaced  as  an  area  of  interest  in 
the  UK.  Undercutting,  weld  defects,  and  spattering  should  be  examined.  The  joining  of  advanced  materials  was  also 
covered  as  a topic  and  it  was  suggested  that  consideration  be  given  to  the  topic  of  joining  dispersion  strengthened  alloys 
and  ceramics.  In  addition,  the  effects  of  small  defects  in  welds  and  rejections  due  to  these  defects  should  be  investigated. 
There  appeared  to  be  very  little  interest  in  the  topics  of  “Advanced  Powder  Processing”,  “High  Temperature  Processing”, 
and  “Heat  Treatment  of  Metals”. 

There  was  a suggestion  from  the  UK  that,  in  the  NDI  area,  automation  is  the  topic  to  concentrate  on.  It  was  also 
pointed  out  that  in-service  monitoring  of  material  degradation  ought  to  be  considered  as  a topic. 
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The  topic  of  “Energy  Related  Processes”  received  little  comment  and  apparently  was  of  little  interest.  Repair  and 
maintenance  was  of  interest  particularly  with  respect  to  routine  repair  and  maintenance  as  well  as  consideration  of 
removal  of  material  from  the  surface.  In  addition  to  the  suggested  list  of  topics  the  following  areas  were  suggested  as 
potential  topics  for  consideration. 

• Repair  and  maintenance 

• Fabrication  of  organic  materials,  composites  and  ceramics 

• Materials  conservation  by  new  processes 

• Alloy  substitution  and  scrap  reclamation 

• Assembly  operations  in  aircraft  geared  to  cost  reduction 

• Metal  bonding  cleaning  procedures 

• Bonding  NDT  and  long  term  exposure  effects 

The  topics  discussed  and  areas  suggested  by  the  attendees  will  be  considered  in  the  Spring  meeting  of  AGARD  at 
Williamsburg,  Virginia  to  determine  the  future  course  of  Structures  and  Materials  Panel  activities  on  Advanced  Fabrica- 
tion Processes. 
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14.  Abstract 

Interest  in  advanced  fabrication  processes  stems  from  the  increasing  acquisition  and  maint- 
enance costs  of  current  aerospace  systems.  This  has  led  to  greatly  increased  emphasis  on 
means  of  reducing  processing  costs  and  improving  the  quality  of  manufacturers’  components 
through  improved  material/process  selection  and  control.  Similarly,  new  processes  are 
emerging  both  within  the  aerospace  processing  community  and  within  the  more  general 
commercial  area,  that  offer,  significant  opportunities  for  lower  cost,  higher  quality  aerospace 
components. 

The  purpose  of  the  Specialists’  Meeting  was  threefold.  Most  importantly  it  was  to  elucidate 
on  some  specific  high  payoff  new  processing  concepts  selected  from  a cross-section  of  NATO 
nations.  This  broad  base  of  coverage  was  invaluable  in  itself  but  also  was  intended  to  aid 
in  steering  the  Structures  and  Materials  Panel  toward  selection  of  specific  new  areas  where 
data  and  information  interchange  in  much  greater  depth  would  be  beneficial.  The  third 
purpose  was  to  promote  a coupling  of  the  fundamental  research  activities  to  more  applied 
efforts. 
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The  meeting  was  highlighted  by  the  Panel  Session  at  which,  based  on  the  work  presented 
as  well  as  other  work  not  presented,  a significant  spectrum  of  extremely  interesting,  high 
payoff,  new  processing  areas  was  discussed.  Advantages  for  each  new  area  were  elucidated. 
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